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Abstract—Measurement of the thermal field developed around a heated penetrometer tip is proposed as
s method for determining the i sing llow and transport characteristics of unconsolidated saturated porous
medii. The purely diffusive thermal field developed around a static penetrometer is modified in the presence
of penetrivtion induced adveetive fluxes. The medification is conditioned by the adveciive thermal diffusivity
and the clastic compressibility of the porous medium, enabling formation diffusivity to be evaluated where
compressibility may be determined independently from the pressure transient record.

1. INTRORUCTION

Or CONSIDERABLE interest in predicting encrgy or mass
migration within anconsolidated saturated porous
media is the determination of the physical charac-
teristics controlling transport. Measurement of the
thermal field that develops around a heated pen-
etrometeris proposed as a potential method of rapidiy
determining i sinn parameters. This technigue has
been applied in determining the streagth [1, 2], defor-
matioa [3, 41 and fluid consolidation characteristics
[5-8] of soils with considerable success. Qur appli-
cation in the following is 1o explore the possibility of
further applying the technique in delermining per-
meabilitics and porosities as they controi the transport
process.

In standard penetrometer testing, a conical 607 tip
of 1.78 % 10~ " m radius is driven vertically into the
porous medium, usually at a constant rate, U, of
2% 107% m s, Porc fAuid pressures are generated
around the ip in response to displacement of the
saturated porous medium as a result of lip insertion.
The magnitude of the pore fluid pressures generated
may be related to the sirength characteristics [9, 10}
of the soil butl are also controlled by permeability
magnitude [11]. The dissipation rate of tip pressures
following arrest ol the penetrometer may also be
related 10 the coefficient of consolidation, C, of the
porous medium [10] or znalogous hydraulic diffu-
sivity. Empirical correlalions may lurther be used 1o
determine permeabilily from hydraulic diffusivity
[8. F1] but these techniques are extremely malerial
specific. Unflortunately, knowledge of permeability
or hydraulic diffusivity in the absence of a known

porosity gives no information on the advective trans-
port characteristics of the porous medium. This
additional information is, however, wvailable if an
advective transport mechanism, using heat as a tracer,
is augmented at the penctrometer tip. Pore pressure
gradients generated around the tip during penetration
will advect heat from the thermal source and provide
a thermal signature that may be measured along the
advancing penetrometer shaft.

Traditional penetrometer testing of soft surficial
soils s generadly limited to the upper 3¢ m of the
profile but is practical for any soil in which the pen-
etrometer may be driven forward. The depth limit is
therefore pructically defined by the drivage capacily
of the propeliing system. The preposed method is an
alternative 1o sampling and laboratory testing
enabling the rapid i sfre determination of transport
properties. Implicit in this method is the assumption
that the advancing penetrometer does not drastically
alter the i situ parameters thal i attempts to measure.
It is thercfore critical that the bulk response around
the advancing cone tip controls the transport and flow
propertics rather than the material at the pen-
etrometer to soil interface, alone. The contribution of
the soil volume surrounding the penetrometer has
been iHustrated to adequately reflect the fluid diffusive
response [8] and it is assumed that a similar extension
may be made in the determination of transport prop-
erties.

In addition to providing independent evaluation
of consolidation parameters representing the porous
mediuvm. the thermal penetromeler is capable of pro-
viding transport parameters representative of thermal
and mass transport behavior. As such. shallow sur-
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D, thermal conductivity of saturated solid,
DD+ (1 =)D,

Dy thermal conductivity of fluid

D, thermal conductivity of solid grains
k porous medium permeability

P total fivid pressure

r static fluid pressure

Pe Peclet number

q Parcian flux

an dimensionless Darcian flux

4] net thermal power output of source
0*  density of thermal source

I radial ordinate

ry equivalent shell radius of therma) source
> dimensionless radial ordinate, rfr,
R radial distance {rom origin,

N -0 RV Rl ey
R,  dimensionless radial distance, Rfr,

1 clapsed time
I dimensionless time, P,t/p.eqri
T{r. t) temperature

T,  initial temperature
To dimensionless temperature,
dalr{Tir, N=T,)/0

v penetration advance rate
U, dimensionless penetration rate, Ur,/2C
U velocity vector of penctrometer, [U, 0, 07

NOMENCLATURE
c heat capacity of saturated solid U,  dimensionless velocity vector, [U,, 0, 0FF
rr heat capacity of 8uid 14 volume of thermal source
Cos specific heal capacity ratio. g, ¢, fpsey Fi dimensionicss volume of thermal
C coefficient of conselidation or hydraulic source
diffusivity Cartesian coordinates

Xops
x.r cylindrical coordinates
Xp dimensionicss axial ordinate, x/r,.

Greck symbols
o{ ) Dirac delta function
{ Lagrangian transformed coordinate
K aggregate thermal diffusivity, D, /p ¢,
Kp thermal diffusivity, equation (18)
I dynamic fluid viscosity
ey aggregate density of saturated porous
mediem
e fluid density
T time
¢ porous medium porosity.
Subscripts
D dimensionless
f fluid
5 solid
! aggregate fluid-solid.

Other symbols
v del operator, [¢/dx, 8/6y, 676217
V.o del operator with v as argument
V5, del operator with { as argument
Vi dimensionless del operator,
raldi6x, &fdv. 801,

ficial deposits. located within the depth penetration
range of the technigue, may be readily tested to assess
their lateral continuity and effectiveness as potential
barriers in preventing contamination of underlying
aquifers by surface spilt contaminants. This is merely
one example of potential application.

The following quantitatively examines the wutility of
this technique and defines the useful parameters that
may be recovered.

2. SYSTEM EQUATIONS

The physical system describing the advance of a
thermal penetrometer within a saturated porous
medium may be represented through coupling of the
cnergy cquation with that controlling conservation of
mass around a moving volumetric disiocation. Since
the penetrometer migrates through the porous
medinm at velocity, U, it is convenient to describe
each component of this coupled problem within a
moving Lagrangian coordinate system fixed to the
tip of the advancing penetrometer. The coupling is

assumed to operale in onc direction only, whereby
dissipating fluid transport controls the magnitude of
the advective low and modifies the {form of the crergy
equation. Reverse coupling through thermal expan-
sion of Auid and solid is neglected.

2.1. Energy transport equation

The equation governing diffusive-advective Row
within a homogeneous medium may be represented
as

5T
DV T = preg VT4 0 (x+ Ut = p e, 5(7 (I

where [/ is the peneiration velocity [m s~'], D, the
ageregate thermal conductivity of fluid saturated
porous mediam [W m~' K~*}, per the volumetric
specific heat capacity of the Buld (Wsm™* K- '], g
the Darcian flux in the medium [m s™'], Q* the heat
generation {W m™°}, & the shape factor representing
the spatial distribution of the point heat source (Dirac
delta function}, p,¢, the volumetric specific heat
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capacity of the fluid saturated porous medium [W s
m~' K7']. T the temperature [K ¢ the time [s], ¥V
the del operator [m™ '] with the negative x-axis as the
veclor of penctration advance. This equation assumes
the medium to be piccewise homogenous. isotropic
and fully saturated by a single phase fluid. Addition-
afly. the Aux field driving Lhe transport process must
be steady and in most applications may be regarded
as Darcian.

A steady state will propagate from the location of
the moving source. The steady state develops only
with reference to the moving reference frame of the
penetrometer tip where a constant strength thermatl
source acts from the origin of the coordinale system.
The steady condition develops as thermal energy is
abstracted from arcund the source by the moving
solid medium and flux field. This abstraction rate
propagates outwards from the tip, varying spatially
but becoming constant with time. To observe this in
detail. it is useful to transform equation (i) into a
Lagrangian form through substitution of the trans-
formation

{=x+Ut (1)

where the v and z coordinates remain unchanged and
a revised time parameter is substituted such thatt = 1
where 7 is the time since initintion of penciration. In
the revised coordinate system

Vm T= Vt:i T (3)
and
¢T oT 4T
Cev e+ @)
&t al o dr

sach that substitution into equation (1) yvields

ar
at
{5}

where U is the vector {U. 0, 01", When primary interest
is in the thermal steady state around the penetrometer
tip {measurcd relative to the moving frame of ref-
erence) £776r = 0, allowing the steady temperature
distribuiion to be determined from subsidiary knowi-
cdge of the Darcian fluxes,

211, Dimensionless parameters. In describing ther-
mal behavier H is convenient to define a minimum
sct of dimensionless parameters that control system
performance. Thermal transler away from the moving
thermal source is most cificient when either the source
moves through the medium at high velocity, U. or
where the advective flux term. ¢, dominates.
Conversely, for constant source strength, Q¥, tem-
peralure build-up in the vicinity of the source is
greatest where U 0, g - 0 and the system of equa-
tion {1} may be simplified Lo the spherically symmetric
heat flow equation as

Dlvﬁ:;T‘(Pr"l‘i'*‘l’lflU) Vo T+0%(0) =pc
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{6)

where » is the radivs of interest. Applying an outer
boundary condition at infinity as
lim T{r) =T, V. N

s or,

The solution for ecquation (6) under conditions of
constant thermal power inpul @ [W] distributed uni-
formly over the surface r = r,, and with homogenous
initial temperature, T, is well known [12] as

o F=rgy
T{l‘,!) == T,_ -4 m{crfc [mﬁ]

102
r—r 1t r—r py)
—exp {meﬂ.‘t.mfiw]-crfc[? €:..2+-{ ;_) }}
Iy o 2(w;1) Iy

>0 (8)

where x, is the thermal diffusivity of the saturated
system, v, = D,/p¢,. In the steady state as 1 — o«
and 1/r =0 the asymptotic values of the comple-
mentary error function, erfc (v}, yield

(r>ry:

o
T, w)=T, 4+ —— >r 9
( ) h 4JID|I' { 0) ( }
representing the maximum Hmiting value of equation
(8) in time. The absolute maximum cceuars at r = ry,.
From this, dimensionless temperature, T,(r, #), may
be usefully defined as

Ag D ro(Tr.0y—T,)
o

Ty(r.) = (10}
with bounds 0 < Th{r./) € §. The steady form of
equation {8) is correspondingly
I
Tu(f'uew)=‘,— (Ih
n
where ry, = rfr, is a dimensionless radial ordinate and
describes the 1/r variation in temperature in the
diffusive, static, sicady state.
Although initially referenced to the stalic system,
the dimensionless variables of temperature Th(r. 1)

and erdinate r;, may be augmented by the parameters
controlling the moving system. These are

Xp o= {fry (12)
Dt
= 5 13
b ocrs a3
¥
W = 554 (14)
and
Ty -
Uy = .;EU, (13

They represent dimensionless quantities of distance
. time 1y, flux qp, and penetration rate Uy, where
all parameters are as previously defined and C is the
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coelticient of consolidation [m* s~'] of the porous
medium. Accordingly the Lagrangian form of equa-
tion (5) 13

). 1 4 5T
VoTo—Pe {T“ 7 +x”}-vl,rp+ o Bxp) = 22
Ce Up 1> (5

(16}

with the ratio of specific heat capacities of the porous
medium and Auid given as ¢ = py¢,/pey, and the
volume of heat generation defined as ¥y, = ¥/r) where
ry is the effective radius of the source and ¥ the source
volume. A corresponds to 4 for 2 finite volume source
of volume ¥y, Additionally, x° is the unit vector in
the x-direction and the dimensionless Peclet number
is defined as Pe = Ur,/ix;. Heat generation occurs
within this volume such that
Q=g {7
It is understood that ¥ represents a fictitious par-
ameter used in modeling 1o prevent a thermal singu-
larity at the origin and as such does not represent any
particular aspect of penetrometer or source geometry.

2.1.2. Functional dependence. The distribution of

dimensionless temperatures around the advancing
penctrometer is conditioned by the first iwo terms
of eguation (16), The first represents the diffusive
component onto which is superimposed the influence
of advective fluxes. The importance of the advective
term 1s controlled by the parameter

- o K
oy = Pe )
o ¢ {C\I'UD X }

which varies spatially around the penetrometer as a
function of the fluid flux field, q,. The first part is
a Peclet number representing the ratio of advective
thermal flux to the diffusive flux. The second rep-
resents the skewness of the temperature distribution
as influenced by penetration rate.

(18)

2.2, Mass rransport equation
The steady fux distribution in the moving local
coordinate system may be determined as [11]

n Urg

IR P [-UR=-/2C] (19)

pler) =p'+
where p{x, r} is the induced pressure change [Pal, p°
the static fluid pressure [Pa]. & the permeability [m?],
i the dynamic viscosity of fluid [Pa ], ro the radius
of the penetrometer, € the consolidation coefficient
m* s7'7 and R = (x*+r%)%2 Flux may be deter-
mined from Darcy’s law where

q=—-Vp (20)

M

and substituting equation {19) gives in dimensional
form

A. M. Yunen and D. ELswoRrTi

U Py v
vt | \3€CR T ®)R T 3CR

4 U+lr
ACR T RJR

x exp [— U(R—x}/2C)

or in dimensionless representation

Xp
Unlxy — Rp}+ —
U[) D ( |53 l)} RD

qp = IR—,B; "
Upre+ ”ﬁ;‘
xexp [—Up(Rpy—xp)] (22

which may be substituted directly into equation (16}
in evaluating the distribution of dimensionless tem-
perature in the vicinity of the penetrometer.

2.3. Numerical procedure

Pore pressures around the advancing penetrometer
are developed from a moving center of dilation that
represents the insertion of an amorphously tipped or
blunt cylinder. The tapered tip of the penetrometer is
not explicitly represented. This appreach has been
found adequate in comparisons with actual pen-
ctrometer data in representing the pressure ficid [11].

The finite difference solution is sought to equation
(16) subject to the associated fux conditions. The
Cartesian form of the diffusion equation is trans-
formed to an axisymmetric form enabling solution in
the (x, ry coordinale system with positive x repre-
senting the distance behind the moving penetrometer
tip. Node points have a single unknown of tem-
perature and a logarithmic spatial distribution is used
in the r-direction to maximize solution accuracy. The
physical system is illustrated in Fig. 1(a) representing
a heat source present in the vicinity of the tip of a
moving penctrometer. The finite size thermal source
is of radius r, and nominal length 2r, and surrounded
by an infinite porous medium. Heat generation is con-
fined to the curved surface of this sheli as a constant
Neumann boundary condition, moving with velocity
U. The finite form of the source distributes the result-
ing thermal flux over a series of adjacent clements
(along the penetrometer length), most faithfully repre-
senling the anticipated true physical form of the
source and reducing problems of numerical insta-
bility.

3. PENETROMETER BEHAVIOR

Primary interest is in the steady flow and heat trans-
port behavior behind the advancing tip of the pen-
etrometer s this is the extent of access for measuring
temperatures in the porous medium. Of specific inter-
est are the parameters that control the thermal trans-
port processes and therefore exert a dominant infiu-
ence on the resulting temperature field. These
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FiG. §. Penctrometer geometry showing (i) penctrometer

farm and {b) system geometry with coordinate system fixed

1o cylindrical heat source shell. Heast source moves wilh
velocity — U relative to the penetrated medium.

processes control the parameters that may sensibly be
derived {rom feld resulls.

3.1 Controlling parameters

In steady penetration, the spatial ficld of hydraulic
flux, gp. is a function of dimensionless penetration
rate, Uy, only. as apparent {rom equation {22). For
Uy < 10° the pressure field is spherical and varies as
1/R [11]. As Uy increases, the pressure field remains
as 1/xp, along the penetrometer shaft {x, > 0;rp = 1)
but gradients to the side and ahead of the tip steepen
considerably to yield an elongated bulb. For a single
source geomelry the thermal ficld is modified by the
ffux distribution, qp. as evidenced in the dimensionless

parameter
Kp = Pe {————mq[) +x“}
CsI'UD

in equation {16) where flux is a unigue function of
Up,. IF advective transport is neglected (qy, = 0, the
thermal field is uniquely controlied by the reduced
dimensionless quanatity Pe = Uryfi, representing the

{13)
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diffusive characteristics of the penetrated medium.
The form of the resulting diffusive thermal field is
identical to the diffusive pressure field that results
from the moving dislocation. For Pe < 10" the tem-
perature field is spherical and exhibits a /R, dis-
tribution away {rom the tip. This response is a direct
result of the spherical fux field that is exhibited for
small penetration rales, Uy, At higher penetration
velocities, Pe > 10%, the thermal distribution loses
spherical symmetry and becomes compressed both to
the side and ahcad of the penctrometer. The tem-
perature distribution varies as 1/xvy, along the x, > 0
axis for all Pe with only the absolute magnitude con-
trolled by the thermal diffusivity. Consequently,
where the thermal ficld is predominantly diffusive, the
temperaturc distribution may be used to determine
the thermal diffusivity of the penetrated medium,
only. The unique variation of dimensionless tem-
perature. Tp. slong the shaft. illustrated in Fig. 2,
indicates that the temperature field alone is not a
discriminant for hydraulic parameters where thermal
transport is purely diffusive. The slight mismatch
between the two temperature distributions of Fig. 2
results from the slightly different geometric rep-
resentalions of the source. The 1/x distribution rep-
resents a spherical source and the numerical model is
acylindrical source of 11 1 length Lo diameter ratio. As
expected the two temperature disiributions converge
away [rom the location of the source.

Since Ty = ljxp lor gp = 0. any change to this
distribution results from the influence of hydraulic
flux as g, # 9 or alternatively, Pe 5% 0. Thus, any devi-
ation from the inverse radial distribution implies the
presence of a significant hydrauvlic flux conslituting
the first term of xp. The first term of wp may be
rewritlen by substiluling equations (14) and (15},
together with Pe = Ury/i, and ¢, = profpeer into
equation {18). This results in

e

Ky ﬂbw’. rog+ Pe x*
1

(23

where peo/ D 1s the thermal diffusivity component
controlled by the fluid filled porosity, r, the source

1
i

............. Igac! /2 iypa curvo
Model; Lip= 0. Pe= 0.

Dimenslorfess Tomporaturn, Ty
o4 0.6 2.3

0.2

1 5 0 5 ]

o
Dimensicaless Axicl Dislancs, x;,

FiG. 2. Limiting radial temperature distribution for purely
diffusive transport or static thermal source T = 1/xp.
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radius and g the spatially varying hydraufic Aux field.
The thermal diffusivity may be determined within
reasonable bounds, excepting the perosity compon-
ent, leaving g as the dominant unknown. The flux field
(sce equation (21)) is controlled by a known or defined
penctration rate, U (as embodied in Pe), and an
unknown dimensioniess penetration rate, Uy, incor-
parating the consolidation cocfficient, C. This implies
that {/;; may be determined uniguely from the thermal
signature measured along the shaft, and consequently
the magnitude of the consolidation coefficient evalu-
ated. This prognosis requires that the induced
hydraulic flux feld is sufficiently important that
measurable deviations in T}, may be recorded. Suit-
able ranges of Uy are examined in the following as a
function of Pe and U,,.

3.2, Parametric results

Modification of the axial temperature distribution
along the penctrometer shaflt from the form
Ty = lfxy (Fig. 2) is controlled by the two partially
dependent parameters of Peclet number Pe = Ury/x,.
and dimensionless penetration rate, U, = Ury/2C.
The results are most conveniently viewed for a variety
of dimensionless penetration rates, representing vari-
able consolidation cocfficients, at a constant real pen-
etration rate.

Thus, for reasonable thermaj characteristics of the
penetrated medium, x,. and at constant prescribed
penetration rate, U, the Peclet number wili remain
constant, The diffusive thermal characteristics
embodied in », are relatively insensitive Lo the per-
meability or elastic modulus to which consolidation
cocfficient, C, is directly proportional. Therefore,
varying the consolidation coeflicient, C. changes the
dimensionless penctration rate, Uy, without materi-
ally altering Pe. Figure 3 illusirates results for pen-
ctration of a standard cone penctrometer of nominal
radius ro = 1.78x 107" m and penetration rate
U=2x10"" m s™' (Pe=625). The axial tem-
perature distribution is flatiened over the case of
purcly diffusive flow as a direct result of the hydraulic
flux. Advecting fluid allows rapid thermal dissipation

1
:

------------- lgac) LV type curve
¢,= 0.70  Pe= 625,

0.6 .0
+ i

o

Dimensionless Termperafure, Ty
0.2

G4
N T ]

v

5 10 i 2
Dimensloniess Axicl Distanco, x,

Fia. 3. Axial temperature distribution for a moving thermal
source. Dynamic steady state,
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from close to the tip to the far ficld. Consequemly,
dimensionjess lemperatures are fow (T, < 0.07) for
the [ull range of dimensioniess penetration rate mag-
nitudes. As the consolidation coeflicient magnitude
decreases  {representing a decrease in fluid per-
meability or decrease in clastic modulus of the porous
medium) the axial temperature distribution initially
increases {rom the threshold magnitude at (U, < 10732
and then falls to the limiting lower value representing
Up = 10°. The sensitivity range Lo variations in (/.
where the steady temperaiure profile is visibly affec-
ted, spans four orders of magnitude, The lower tem-
perature distribution results {rom the high pore press-
ure gradients gencrated along the penetrometer shaft
[11] that cfficiently advect heat into the surrounding
medium,

As real peactration rate is reduced an order of mag-
nitude (U=2x10"% m 57!, Pe=62.5) the mag-
nitude af attainable shafl temperatures increase, as
illustrated in Fig. 4. As dimensionless penctration rate
increases above the threshold of Up =1 the tem-
perature distribution decreases 1o a lower threshold
for Up = 10. Although the range of dimensionless
temperatures, Ty, has increased. the sensitivity o the
penetration rate. Uy, has been restricted to the range
1073 € Uy, < 10", The sensitivity span has been
decreased to three orders of magnitude in this
instunce. Further decreasing real penctration rate of
the shaft radius by an order of magnitude {Pe = 6.23).
as ilustrated in Fig. 5, elicits a similar pattern of
response but with a sensitivity span of only a single
order of magnitude. Decreasing real penetration rate
aliows the steady temperature distribution to suc-
cessively approach the diffusive transport distribution
of T, = 1/xy. as illustrated for Pe = 0.623 in Fig.
6. This behavior may be deduced from the previous
discussion of controlling parameters.

Apparent from the trends exhibited in Figs. 3-6 is
the enhanced sensitivity of the system to increased real
penctration rate or increased magnitudes of Peclet
number resulting from the increased penetration rate,
This increased sensitivity occurs, however. with a
decrease in resolution in terms of absolute iem-

------------- Woal Ik iype curve
—— e, = 0.0 Pe= 62.5

{Q.b 0.5

0.4
i

Dimensionless Temperalure, Ya
¥4

%
1

Dimensioniess Axicl Distance, x,

FiG. 4. Axial temperature distribution for 1 moving thermal
source. Dynamie steady stale,
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............. idot! {/x 1ypw curve
e ¢ = 070 Pa= 6,25

LR 0.6 .0
r ; f

Dimanslanless Tomperolure, Ty

0.2
i

Dimensionfess Axigl Distunce, xp

FiG. 5. Axial temperature distribution for a moving thermil
source. Dynamic steady state.

perature magnitude. Potentially, therefore. varinbic
penetration rates may be used lo enable unambiguous
determination of LUy magnitude from both tlem-
perature distribution and temperature magnitude.
This possibility is exhibited in Fig. 7 where variable
rate penetration in 4 medium ol constant con-
salidation coefficient, C, 15 illustrated, Consegquently.
increasing real penetration rate  proportionately
increases both Peciet number, Pe, and dimensionless
penetration rate, /. Penetration rates spanning
210 < U<2x1077 m 7' (0.1 < Uy < 100
and 0.625 < Pe < 625) arc used 1o illustrate the dif-
fering responses. The lowcest penetration rate elicits the
diffusive response while increased penciration rates
reduce the absolute magnitude of induced dimen-
sionless temperatures, The influence of advective
transporl as penctration rate is increased is clearly
evident in the flat temperature distribution,

[n all applications so far it has been assumed that
the thermal term peo/ D, may be determined “a priori’.
Although the component therma! conductivities
and capacities are narrowly bounded, porosity {gh)
is unlikely to be known in advance. The result of
changing porosity between the extremes of 0.10 and
0.40 is illustrated in Fig. 8 for Up = 1.0 and Ur, =
3.536x107° m* s™'. This corresponds to Peclet

------------- idact Y lype curva
&6 DI0 Pa= D625

a.B
L

o.8
:

ok

Dimenslontess Temperolure, Ty

0.2

5 10 5 E
Dimensionloss Axial Dislance, x;

Fic. 6. Axial temperature distribution for & moving thermal

source. Dynamic steady state.
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1
5

------------- idest ¥x type curve
¢,= 070 PefUg= 825

.5
I

a= G.625 Ug= 1.G710"
e 6,25 Uy= 1.0010

W= 62,5 L= 1.0MG)
o= 625, Vp= 10410

L]
L

Dimensienless Temperalure, T,
0.4
!

8.2
i

10
Dimensionless Axiol Distance, x;,

Fic. 7. Axial temperature distributien for variable rate pen-

etration in i porous saturated medium C = 178 x 107" m*

s ope, =208 107 Wem T K-l prr =41x 10" Ws

m KD =24 Wm KoL D= 05T Wm! K-l
¢ =04

numbers of 36.8 and 62.5. Importantly, the recorded
temperature differential is large and may cnable
porosily to be determined i the consolidation
cacflicient, €, could be determined by some inde-
pendent means. Fortunately, the consolidation
cocfficient may be determined from the hydraulic
response alone {18, 11] provided the raie of pore press-
ure dissipation is recorded at penetration arrest,
Consequently, porosity of the porous medium could
be evaluated independently, through curve fitting, to
enabie independent appraisal of this important par-
ameter affecting advective heat or mass transfer. This
{s important il parameters in addition to the con-
solidation coefficient are desired {rom penetrometer
lests.

From transient analysis, temperature build up may
be determined for a variety of shafl locations. For a
standard peaetration rate Ur, = 3.36x 107 ms ' in
the same porous medium (Pe = 625) and Up = 1.0
the ume history at increasing distances {rom the tip
are Hlustrated in Fig. 9. Locations closest 1o the tip
react most quickly in atiaining a steady state. In real
lime, the equilibration is within 3 s of initiating
penetration for the closest location (xp = 1.14:
r==2.03%107% m), For decreased real penetration

1
i

------------- Igecl ¥x 1ypa curve
B R

o4 a6 0.8
s L Q

Dimensionless Temperalure, Ty

0.2
1

Dirmensiontess Axiol Distoncs, xp,

Fi1G. 8. Axial temperature distribution for different system
porasities, ¢ Up = 1, = 0.1. 0.4
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Fig, 9. Tempora] response along shaft (v, > O for pen-
etration at a standard rate of U 22 10" m s~ ',

rate Ury = 356 % 107 ms™' (Pe = 62.5and 6.25}in
the same medium, as illustrated in Figs. 10 and 11,
the temporal respense is slowed considerably,

4. CONCLUSIONS

Advective thermal dissipation around the tip of an
advancing penctrometer may be measured as an index
describing the consolidation and transport charac-
teristics of the surrounding porous medium. For a
static penetrometer where the flow ficld is insignificant
the radial and axial temperatures (Ty) conlorm
to T = 1/Rp. This thermal pattern is modified by
advection around the moving penctrometer allow-
ing a series of type curves to be constructed. The
sroups of contrelling variables are the Peclet number.
Pe = Uryfi,. a dimensionless penetration  rate,
Uy = Ur/2C. incorporating the permeability and
compressibility of the porous medium and the ratio
of specific heat capacities of the porous medium and
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Fi1g. 10. Temporal response along shaft {xy, > 0} for reduced
penetration rae.
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ftuid. ¢y = pyoy/ppee. The thermal signature, measured
axially along the penctrometer shafl, may be used to
directly evaluate the advective thermal diffusivity if
clastic compressibility of the porous medium is known
or alternatively to evaluate the clastic compressibility
il permeability is known. This conteation follows
directly from Fig. 7 where Pe is very nurrowly defined
through the thermal diffusivity of the saturated
medium, x,. Thus, the consolidation coefficient. C,
may be determined, uniquely. from curve maiching to
define U/;y. This suggests that the hydraulic parameter,
C. may be determined {rom this analysis without
recourse {0 the complex and time consuming dis-
sipation tests usually conducted in penetrometer
sounding. Allernatively, since Uy, is available from
the pressure transient record {11] the quantity pregd D
may be determined directly. This may be used (o
evaluate thermal transport through the corellary of
equation (i) or estimate the magnitude of porosity in
the porous medium as it influences rates of advective
mass transfer as a close analog to heat transfer,

The real penetration rate, U, controls the sensi-
tivity of the temperature distribution, Ty, to changes
in the controlling parameters Pe = Ury/i, and U}, =
Urof2C. Two factors arc of interest in determin-
ing the scnsitivity of the technique to changes in
the advective thermal characteristics of the porous
medium, The first is the range of dimensionless pen-
ctration rates. Uy, that result in a discernible and
specific thermal profile along the penetrometer shafl
and the second is the distribution within that sensitive
range. Threshold steady temperature distributions are
appareat a1 both low and high values of Uy, repre-
senting the advective flux through the inversely pro-
portional magnitude of permeability. At high pen-
ctration rates {Pe = 623) the threshold behaviors are
apparent al penctration rates of 1077 < U/, < 107
and with decreased real penetration rate (Pe == 6.23).
this span is reduced to 10" < Up < 10'. Thus, for
decreased penciration rate the range sensitivity of the
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technique 10 permeability through the parameter U}
is correspondingly reduced. This finding may be inter-
preted as evidence of a decreased dependence on
advective transport as a decrease in real penetration
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TRANSFERT DE CHALEUR ET DE MASSE AUTOUR DUN PENETROMETRE
AVANCANT

Résumé—Lu mesure du champ de température développé avtour de Ta peinte chande d'un pénétrométre

est proposée comme methode de détermination des caractéristiques d'éeoulement et de transport fn sifu

d'un milicu poreux saturé. Le champ thermique puremens diffusi développe autour d'un pénélrométre

ststique esl medifie en prosence des Hux wdvectifs induits par la pénétration. La modification est condi-

tionnée par fa difTusivite thermique adveetive et In compressibilité élastique du milicu poreus, ce gui

permet Févaluation de T diffusivite de formation quand fa compressibilite peut &ire déterminée indépen-
damment & partir de |z variztion de pression.

WARME- UND STOFFTRANSPORT IN DER UMGEBUNG EINES EINDRINGENDEN
HARTEMESSERS

Zusammenfassung—Es wird cine Methode zur Messung des direkien Witrmestroms und der Trans-
portcharakteristik an einem unverdichteten. gesittiglen. pordsen Medium vorgeschlagen. Sie hasiert auf
der Messung des Temperaturfeldes. das von der beheizten Mellspitze cines Hiirtiemessers ansgeht. Das
Temperaturfeld in der Umgebung ciner ruhenden Pritfspitze wird durch die von der eindringenden Privf-
spitze verursachten horizontalen Wirmestsdme verdndert. Die Veriindersag ist durch dic horizontaie
Temperaturleitfihigkeit und die elastische Verformang des pordsen Medivwms gekennzeichnet, Darait wird
es moglich, die Tempermturleitfdhigkeit ciner Schicht zu bestimmen und gleichzeitig dic Kompressibilitis
aus dem zentlichen Druckverlaul zu ermitteln.
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TENJO- 1 MACCOTEPEHOC BOKPYT HBMMVYIHEMOCH MEHETPOMETPA

ApnoTauas—HaMepenie TEMI0BOrO MO, PEINHBAIOLICIOCH BOKPYF HARrPETOTO KOHEA NCHETPOMETDR,
MpeOACHCHO B KAMCCTBC METORA OAPEACACHNN XADAKTCPUCTHE TCHCHNA # NICPCHOCA AAS DBIXJLEX HACHE-
BIEHNBIX NOPHCTRIX Cpen. l’lpu HRUTIEYHE aABEXTHBHBIX [TOTOKOB 32 CHET TCONMOHPOBCAHOCTH ERDOHCXOLNT
MOANGHERIHA YHCTO TCIROBOTO NoAd, ofpusyloulcrocs BOKDYT CTATHYECKOTO ICHeTpoMeTpa. JTo
HIMEHeHne 00YCIOBACHO AABEKTHBHO TEMIEPATYPOIPOBOAHOCTBIO i YIPYrof CHUMACMOCTBIO TOPHC-
TOil Cpeasl, 4TO MO3BOJIACT OUCHHBATL TEMICPARTYPONPOBOLHOCTh CPEABl BOXPYT NCHETPOMETPZ B
CAYHRC, KOTAA CARIMALMOCTL MOKHO ONPEACHITL HEMABHCHMO 110 PECHCTPAIE HIMEHENIS NUBIEHIT.



