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Figure 18. Variation of (a) dimensionless tempastand (b) moisture content on the
line X' = 0 as a function of the dimensionless degtlfor Run D1 at times (A}’ =575.2,

(B) 575.4, (C) 575.8, (D) 577.2, (E) 583.6, and %¥p and 600. The same six lines are
plotted in (a), but the curves nearly overlap. &), the dimensionless temperature is
shown on the left-hang-axis and the corresponding change in dimensi@rmaperature
for the example problem is shown on the right-hgsadtis.

Plots showing the variation in temperature andstooé content profiles during a

periodic rainfall event are given in Figure 18, otime periodt’ =[575600 ]at which

the system has achieved a periodic state. Thelgsadre extracted along the like= , 0

which passes through the cable at depth . ThHe largest moisture content variation
occurs near the ground surfacé= ) @uring the first part of the period, during and

immediately after the rainfall event. The curveshis figure are plotted at times that are
chosen so as to capture this moisture spike, andehare preferentially timed for the
beginning part of the rain period. Profiles aretigld at the same times in Figures 18a and
18b, but the temperature change due to moisturéegbrariation is sufficiently small

compared to the steady-state temperature valueshihaurves nearly lay on top of each
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other in Figure 18a. In Figure 18b, the rainfalblsserved to cause a spike in moisture

content near the ground surfaée- . This rainfall spike rapidly propagates into tlod,s

and it diffuses and reduces in magnitude as it doesSeveral different effects occur to
influence the moisture content profiles, includidgwnward gravitational drainage,
upward pulling from the capillary force, diffusispreading, and repulsion of moisture
from the cable due to the temperature gradientratdbhe cable. The combination of
these influences causes the large fluctuation angaiof the moisture content at the

ground level € = 0, which measures approximately 0.04, to decregseehrly an order
of magnitude at the level of the cable£ ). The moisture content fluctuation continues
to decrease such that there is almost no obsercablege with time for depth§ < .2

Following the rainfall event, the moisture contpnifile gradually returns to a curve with

local maximum at approximately = 1.6This curve differs significantly in structure

from the moisture content profile given in FiguibXor the steady-state case.

Contour plots of the moisture content field areveh in Figure 19 for one day
following a rainfall event in Run D1. The figure pdotted starting at time'= 575y
which point the system has achieved a periodiesi#te initial plot (Figure 19a) is for
an instance just before the rain begins. The stracaif the moisture field has a region of

high moisture content centered at abgut , &W&h low moisture near both the bottom

and the top of the computational domain. This higbisture band is the remnant of
previous rainfalls, which are pulled downward bg\gty and upward by capillary action.
The region surrounding the cable is observed tdrler than surrounding regions at the

same level, as evidenced by a downward deflectidheomoisture contour lines. This
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structure differs significantly from that shown iRigure 7b for the steady-state
simulation. At timet’'=575 .2 (Figure 19b), the rain event has recently endedl an

region with high moisture content is observed atttp of the figure. This region of high
moisture content propagates downward with timeigufeés 19c-f, eventually overtaking
the dry region around the cable. Over longer tithe, high-moisture region from the
previous rainfall will move downward and merge i@ high-moisture region located
just below the cable, so that by the end of théodeaitt’ = 60Q the moisture field looks

the same as shown in Figure 19a.

Results are presented in Figures 20 and 21 for Rdan characteristic of a
moderately moist climate (e.g, Chicago). The trendbe data are qualitatively the same
as was observed under drier conditions in Figurésafid 18. The cable surface
temperature and moisture content transition froemdteady-state solution to approach a
limit-cycle state. The mean dimensionless cabléasartemperature decreases by about
0.0094 and the mean cable surface moisture comergases by about 0.050 in this
limit-cycle state compared to the values in thedyestate solution. The fluctuations in
dimensionless surface temperature and moistureecbduring each rainfall cycle occur
with amplitudeT,,, = 0. 0004and 6,,,, = 0. 006 which are slightly larger than the values
observed for Run D1. The temperature profile inuFég21a is not significantly affected
by the moisture variation, but the moisture profilteFigure 21b exhibits a large spike
near the upper surface during and immediately #fierainfall event, with the moisture

content increasing by approximately 0.1é&at dd@ring each rainfall cycle. As was the

case with Run D1, the fluctuation in moisture contelecays rapidly with depth,
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decreasing by about an order of magnitude by the & the cable. The moisture content
is observed to settle in the later part of eachopeto the same hump-type profile as
noted in Figure 18b for Run D1, for which the moist content is a maximum at an

intermediate depth.
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Figure 19. Contour plot of the moisture contentddimme interval of one day following a
rain storm, for Run D1. The plots are made at dsiriess times (a}' = 575(b)
575.2, (c) 575.4, (d) 575.6, (e) 575.8, and (f).576
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Figure 20. Oscillation of average dimensionlessperature and moisture content on the
cable surface as functions of dimensionless tinth wonstant cable heat flux, for Run

M1. The oscillations observed in the plots are teeriodic rain events. In (a), the

dimensionless temperature is shown on the left-lyaaeds and the corresponding change
in dimensional temperature for the example prokkeshown on the right-handaxis.
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Figure 21. Variation of (a) dimensionless tempaetand (b) moisture content on the
line x'=0 as a function of the dimensionless degthfor Run M1 at times (A)
t'=587.6, (B) 587.8, (C) 588.0, (D) 588.4, and (E) .B9@nd (F) 587.5 and 600. The
same six lines are plotted in (a), but they neangrlap. In (a), the dimensionless
temperature is shown on the left-haygaxis and the corresponding change in
dimensional temperature for the example problegh@vn on the right-hangaxis.
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The system response for Runs D2-D7 and M2-M7 weiaitatively similar to
that described above for Runs D1 and M1. In alesasith periodic rainfall, the cable
surface temperature and moisture content approgaériadic limit-cycle condition in
which the mean cable surface temperature decraasethe mean cable surface moisture
content increases compared to the steady-stateéiosmu A listing of the change in
dimensionless cable surface temperature and meistantent and the amplitude of
oscillation of these values in the limit-cycle st& given in Table 4 for Runs D1-D7 and
M1-M7. The results in this table exhibit a strorepdndence of the oscillation amplitude
on the rain frequency, but a weaker dependenceaorfall intensity and duration
(provided the total rainfall amount is fixed).

Figure 22 plots the computed oscillation amplitdde the dimensionless cable
surface temperature and the cable moisture cordenfunctions of dimensionless
frequency f' for all of the conditions examined. The oscillat@amplitude values for the
moist conditions (Runs M1-M7) are substantially ajez than for the dry conditions
(Runs D1-D7). The amplitudes for the cable surfeseperature and moisture content
decrease as the rainfall frequency increases. Secwtal annual rainfall amount for the
dry and moist conditions is fixed, higher frequemages correspond to conditions with
frequent rainfall events containing small amouritgrecipitation, whereas low frequency
cases correspond to conditions with infrequentfadlievents that contain large amounts
of precipitation. It is noted that the oscillatiamplitude is rather small for both the cable
surface temperature and the moisture content.rispance, for the example problem with

burial depthb= M and average cable heat flax = 500 W/nf, the largest oscillation
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amplitude values for the cable surface temperatmd moisture content in the
computations conducted wer84°C and 0.017, respectively. By comparison, the
temperature field obtained by Marshall et al. (20fb8 the same example case oscillated
due to the daily power load variation with ampliguof 3.9°C , or an order of magnitude
larger than the rain-related oscillation amplitude.

Plots are shown in Figure 23 for the differencenreein the dimensionless cable
surface temperature and the cable surface moisturgent in the periodic limit-cycle

condition and the initial values for the steadytestease, denoted byT, . and Aé, ...

The dimensionless cable surface temperature deseagh periodic rainfall by an

amount between 0.006 and 0.011, where the magnitdidihe temperature change
decreases with increase in the rainfall frequeridye cable surface moisture content
increases with periodic rainfall by an amount raggbetween 0.033 and 0.056, where
the change in moisture content also decreasesingtbase in rainfall frequency. Again

using our example problem with= mlandg = 500 W/nd, the change in mean cable

surface temperature under the periodic rainfalldaton corresponds to a decrease of

20-35°C.
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Figure 22. Amplitude of average cable surface (a)edsionless temperature and (b)
moisture content fluctuations with periodic raireets as functions of dimensionless rain
frequency. Results are for the moist conditionatgles, dashed line) and the dry
condition (circles, solid line) listed in Table Bhe curves are exponential fits to the data.
In (a), the dimensionless temperature is shown loa left-hand y-axis and the
corresponding change in dimensional temperatur¢ghi®rexample problem is shown on
the right-hand-axis.
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Figure 23. Change in mean values of the averagée calrface (a) dimensionless
temperature and (b) moisture content with perioddn events as functions of
dimensionless rain frequency. Results are for tbesthtondition (triangles, dashed line)
and the dry condition (circles, solid line) listedTable 4. The curves are exponential fits
to the data. In (a), the dimensionless temperasusaown on the left-hangaxis and the
corresponding change in dimensional temperatur¢gh®rexample problem is shown on
the right-hand-axis.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

A study of the effect of periodic rainfall everds the surface temperature and
moisture exposure of a buried electric cable waslgoted using numerical simulations.
Cases with different rainfall intensity, duratioand frequency were compared to a
steady-state case with the same annual precipitatimount. Computations were
conducted for two values of the annual precipitgtione typical of a relatively moist
climate and one typical of a dry climate. In theasly-state condition, the computations
indicate formation of a relatively dry region swrmaling the cable in which the moisture
content decreases by about 2-5% compared to the ¥aht it would have had without
the cable present. Under periodic rainfall condsiothe cable surface temperature and
moisture content transition to a limit-cycle beloawwvith values that oscillate periodically
in time with the rainfall frequency. Of particulenterest is the observation that the mean
values of the cable surface temperature and meistmtent in this limit-cycle condition
are significantly different from the steady-statalues, with the mean cable surface
temperature decreasing and the moisture contergasing in value under the limit-cycle
condition relative to the steady-state conditiootBthe oscillation amplitudes and the
change in mean values relative to the steady-stanelition are observed to depend
primarily on the rainfall frequency and on the aalnprecipitation amount, such that the
absolute values of these quantities decrease asathfall frequency or the annual

precipitation amount increase. While the computaldes of the oscillation amplitude of
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the cable surface temperature are rather smallsumeg 04°C or less in the current
computations, the change in the mean cable sutémeperature between the steady-state
and limit-cycle conditions is found to be large,asering as high a85°C in the current
computations. Similarly, the largest computed valfiehe oscillation amplitude of the
moisture content (0.017) is small compared to #ngdst computed value of the change
in mean cable surface moisture content between lithé-cycle and steady-state
conditions (0.056). It was demonstrated that thét dn the mean temperature and
moisture content values between the steady-statdirait-cycle conditions is a result of
the nonlinear dependence of the various soil ctefits on the temperature and moisture
content. Despite both conditions resulting from aeguivalent amount of annual
precipitation, the limit-cycle condition demonsesitiower cable temperatures because
the rainfall events occur in short but intense qusj relative to the steady-state
simulation. The higher intensity rainfall causesnare intense penetration of the soaill
wetting front, which results in strong, nonlinedaages in the transport coefficients.

The results of the current study have shown tkeabgdic rainfall conditions result
in fundamentally different moisture and temperafigkls around an underground cable
compared to what would be observed under steady-smfall conditions. Not only do
the moisture content and temperature values oillariodically in time when exposed
to periodic rainfall events, but the time-averagedues of the moisture content and
temperature also change significantly in this pdaase compared to their steady-state
values. The change in the mean values causes dedrealues of the cable surface

temperature, but increased values of the cableasarfmoisture content. As a
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consequence, steady-state computations which dmclotle intermittent rainfall events
over-estimate the temperature-related degradatiothed cable insulation but under-

estimate the moisture-related insulation degradatio

5.2 Applications and Future Work

The knowledge gained from this research can helprave the efficiency of
underground power delivery and increase the lifesifahe buried power cables. Power
companies can utilize a method similar to that dieed here to simulate the local soil
state under different weather conditions, and tt@relop local power delivery standards
based on the results. By contrast, the currenesystf national standards may over- or
under-restrict the amount of electricity that candificiently and safely transported by
the cable in any given location. The results of #tudy demonstrate that rainfall events
have a significant effect on the thermal and meoesttontent fields surrounding a buried
power cable, and that ampacity limits should actmpecifically for the frequency of
rainfall in a given area.

For future work, certain additions could be maddh® existing computational
model to improve its accuracy and overall usefidnds would be very helpful for
simulating a greater variety of possible rainstéypes if the soil surface was allowed to
saturate fully. This would require the use of a eunal method that retained good
numerical stability when convection becomes the idant transport mechanism.
Similarly, if a fully saturated condition were aNed the method could be used for

problems with a shallow water table, in which thatev table was included in the
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computational domain. In many regions, the wateletés shallower than three meters, as
is assumed in the current work. It would also bipfe if the computational method
could account for a complete dry-out zone. Thougfaltdrying did not occur in the
current solutions, its occurrence may be more eglein areas with desert-like climates.

It would be useful if the model had the abilitygmnulate the behavior of heat
and moisture migration for different types of sp#s that the simulation is more easily
adaptable to different geographical areas. White c¢trrent numerical method readily
accommodates different soil types, it would be ssagy to develop a data bank that
contains relevant information and coefficients ddferent soils. Such a data bank would
also allow us to simulate problems where the pavabte is buried in a backfill material
surrounded by the native soil, as well as othebleras where soil heterogeneity is
prominent.

Other improvements could be made by using realdvddta for certain source
values, rather than imposing a simplified represt@m of those systems. For instance,
one could model varying cable loads based on realdvdata. Likewise, it would be very
useful to model the rainfall events in a way thatrenclosely replicates real-world
rainfall data. It was shown in this paper that tlesults differed significantly when
comparing a steady rainfall scenario to a peridjicarying rainfall scenario. Therefore,
it is fair to suggest that it would be necessarymodel the rainfall events with
stochastically varying intensity, duration, andgitency, as such events occur in reality,
to determine the most accurate results for thartaeand moisture content fields around

a buried cable.
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