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Abstract: The heat pulse signal is analyzed in a new way with
the goals of clarifying the relationships between the variables
in the heat transfer problem and simplifying the procedure for
calculating sediment-water interface fluxes J. Only three
parameters x,, A and (pc), are needed to calculate J by the
heat pulse data for this analysis method. The results show that
there is a curvilinear relationship between the peak temperature
arrival time and sediment-water interface fluxes; and there
exists a simple linear relationship between sediment-water
interface fluxes and the natural log of the ratio of the
temperature increase downstream from the line heat source to
the temperature increase upstream from the heat source. The
simplicity of this relationship makes the heat pulse sensors an
attractive option for measuring soil water fluxes.
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irect measurements of water flux across the sedi-
ment-water interface can be realized by seepage
meters'' .
ed in understanding the magnitude and direction of sed-
iment-water interface flux J at a particular location.
This interest arises from the major role of J in processes

such as infiltration,

Many environmental scientists are interest-

runoff and subsurface chemical
transport. J can be varied widely in time and space de-
pending on the sediment and environmental conditions.
This variability makes the modeling of J difficult. In
some cases, measuring J directly would be a more at-
tractive option than modeling J. However, only a few
practical techniques are available for the measuring of J
in in-situ conditions.

Byrne et al. " introduced the idea of using heat as a
tracer to measure J. They measured distortion of the
steady state thermal field around point and heat sources.
Based on the work of Byrne et al. "™ and Melville et
al. ", an improved heat pulse technique was developed
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by Ren et al. " to measure J. The probe used by Ren et
al. "™ consisted of three stainless steel needles embedded
in a waterproof epoxy body. The center needle contained
a resistance heater, and the outer two needles contained
thermocouples. This experimental setup is shown in Fig.
1. Heat transfer away from the central needle occurred via
conduction and convection. The resulting temperature in-
crease at the thermocouples in the two outer needles was
measured and recorded by an external datalogger. The
convection of heat by the flowing water resulted in a lar-
ger temperature increase downstream from the heat source
than upstream from the heat source. T,, T, and H are the
upstream sensor, the downstream sensor and the heater,
respectively.

T, H T, 1 cm

Fig.1 Conceptual drawing of the flow sensor

Ren et al.""” developed an analytical solution for the
appropriate heat transfer equation, and explained that
this solution could be used to calculate J from the
difference between the measured temperature increasing
at the downstream and upstream needles if the thermal
properties of the soil or sediment are known. The main
disadvantage of this solution is that it contains an inte-
gral that requires the numerical integration. Kluiten-
berg and Warrick'"”' improved the evaluation procedure
by converting the equations into the well function for
leaky aquifers and by using an infinite series to approx-
imate the well function. Although the improved meth-
od eliminates the need for numerical integration, it is
still inconvenient to analyze the relationships among
variables and to estimate J because the infinite series is
quite complicated.

Hence, in this paper we analyzed the heat pulse signal
in a new way with the goals of clarifying the relationships
between the variables in this heat transfer problem and
simplifying the procedure for calculating J from heat
pulse measurements.
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1 Theory
1.1 General solution for heat transfer equation

The theory of heat flow has been a subject of investiga-
tion for centuries. Numerous papers and books have been
written on this subject. Probably the most comprehensive
book on the subject within the last century was “Conduc-
tion of heat in solids” by Carslaw and Jaeger'''. When
the developed theories are applied to physical problem, it
is often necessary to approximate either the initial or
boundary conditions. For a simple solution that can de-
scribe the thermograph, one would either want an instan-
taneous pulse of heat, a step of heat, or a square wave
pulse. None of the normally assumed initial conditions
are reasonable explanation of the heat input produced by
the heater. As a result, the shape of the thermograph ob-
served in the physical system is inconsistent with the
shape produced by the common mathematical develop-
ments. To overcome this problem, Taniguchi et al. '
proposed using the time when the peak temperature is de-
tected at the thermistors to determine the velocity of the
heat. They took the derivative of an analytical solution
with ideal boundary conditions. The peak temperature oc-
curs when the derivative equals zero. Their development
yields the following equation when ¢, > 0 and U >0:

X -2kt

U2 — IZ max ( 1 )

max

where U is the velocity; ¢, is the peak temperature arri-
val time measured by the thermistor at distance x from the
heat source; and « is the thermal conductivity of water di-
vided by the specific heat and density.

The water velocity is proportional but not equal to the
thermal velocity. If one can assume that there is no ther-
mal gradient in the radial direction ( instantaneous heat
transfer in the radial direction) and there is no heat loss
from the pipe, then the thermal velocity will be slower
and directionally proportional to the water velocity. The

! is suitable

technique proposed by Taniguchi and Fukuo'"”
for measuring the higher flow rates when the advective
process dominates. It uses the difference in peak arrival
times between thermistors to estimate flow rates.

Ren et al."™ proposed a solution using heat transfer

equation analysis to determine the heat pulse:
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where T is the temperature increase, C; 7 is the time, s; o

is the thermal diffusivity of water, m*/s ™'

; and x and y
are the space coordinates ( distance between the thermistor
and the heat source); and V is the velocity, m/s.

Ren et al. '™ presented a solution for Eq. (2) corre-

sponding to a heat pulse produced by an infinite line

source in an infinite, homogenous, porous media through
which water is flowing uniformly,

(x —vs)® +y2]ds
4as

0 <t=st (3)
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where ¢ is the heating power, W/m; ¢, is the heat pulse
duration, s; V is the heat pulse velocity; A = apc is the
thermal conductivity, W/(m - C) ~'; s =t —¢'. This so-
lution is based on the assumption that the conductive heat
transfer dominates over the convective heat transfer.

The temperature increase at a distance y, directly down-
stream from the line source is

g (" (x —vs)’
T,(t) —4ﬂ)\f0s exp[—74as ]ds 0 <tr=s1y
(5)
N (x —vs)’
T,(t) = T r_’Us exp[ ~aas ]ds t >t
(6)

The temperature increase at a distance y, directly up-
stream from the line source is

g (" _(x+vs)2
T,(t) —rn)Jos exp[ aas ]ds 0 <t<t,
(7)
S (x +vs)*
T,(1) _41TA£_,,,S exp[ ~ s ]ds t >t

(8)

The flux meter typical temperature increase vs. time
curves generated using Egs. (5) to (8) is shown in Fig. 2.
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Fig.2 Typical temperature increase vs. time curves (V=35 x
107°m/s,a=1.4x10"m"/s,A =0.58 W/(m - K) 'y, =
0.005 m, g =40 W/m for heating of 6 s, ¢ =20 W/m for
heating of 3 s)
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1.2 Difference of downstream and upstream temper-
ature increases

Ren’s method is not exactly suitable for determining
seepage flux meter due to the large heat losses transferred
to the air and water.
much energy will be lost in the system. But it is useful to
analyze temperature distribution, so we focus on the anal-
ysis of dimensionless temperature difference ( DTD ).
This solution is as follows:

It is also hard to determine how

DTD=$ (9)

Eq. (9) indicates that the dimensionless temperature
difference is a function of V, ¢,, ¢ and the thermal prop-
erties of the water. Fig. 3 shows the heat pulse signal
converted to the DTD. The maximum value of the DTD
(MDTD) is given by

MDTD =

1,

J’:‘_’“s“ {exp[ - (x%asvs)z] - exp[ _ (x%asvs)z] }ds

(10)

where 7 is the time at which DTD reaches a maximum.
By evaluating Eq. (10) for V on the order of 10 “m/s,
we found a close linear relationship between V and
MDTD.

Graphical evaluation of Eq. (10) reveals a close unique
relationship between MDTD and V (see Fig.4). This re-
sult is in consistent with the results of Ren et al'®’. This
relationship suggests that measurement of MDTD can pro-
vide a useful means of estimating V.
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Fig.3 Heat pulse signal converted to DTD

1.3 Ratio of downstream and upstream temperature
increases

By dividing Eq. (6) with Eq. (8) for a heating peri-
od, we can get the ratio of downstream and upstream
temperature increases when x, = x, = x,.
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Fig.4 Relationship between MDTD and V

Eq. (11) demonstrates that when x, =x, = x,, the ratio
of the downstream temperature increase to the upstream
temperature increase (7,/7,) is independent of time""'.
When x, =x, =x,, T,/T, is only a function of x,, V and
a, unlike MDTD, independent of #,, A and ¢. Fig.5
shows the heat pulse signal converted to 7,/7T, and reveals
that there is no significant difference between 3 and 6 s

heating condition.
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Fig.5 Heat pulse signal converted to 7,/T,

2 Discussion

The main objective of this new analysis is to clarify the
relationships between the key variable in the heat pulse
technique for measuring J. Three interesting relationships
were revealed by this new analysis and some implications
of the relationships were also studied. First, Eq. (11) re-
veals that 7,/T, is a function of a single dimensionless
number, Vy,/«. Fig.4 shows MDTD and In(7,/T,) as
functions of Vy,/«. The slope of the MDTD vs. Vy,/a
relationship depends on the values of y, ,a, f,, ¢ and A,
but the slope of In(T,/T,) vs. Vy,/a should always be
equal to the one as long as conduction is the dominant
mechanism of the heat transfer.

The second interesting fact about the heat pulse tech-
nique revealed by this new mathematical analysis is that
whenever x, = x,, the maximum temperature increases at
the upstream and downstream positions occur simultane-
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ously regardless of the magnitude of V. The heat pulse
signal travels upstream just as rapidly as it does down-
stream. The magnitude of the signal is decreased in the
upstream direction.

The third noteworthy finding of this mathematical
analysis is a new insight into the relationship between
MDTD and J. Ren et al. * found a close linear relation-
ship between MDTD and V, but they were unable to ex-
plicitly state the form of the relationship due to the com-
plexity of their solution equation (Eq. (10) ). To consid-
er the relationship between J and T,/T,, if we combine
Eq. (11) and V=J(pc) ,/pc(where pc is the volumetric
heat capacity of the multiphase system, J/(m’ - C) ';
(pc), is the volumetric heat capacity of the liquid) , we
can obtain the following equation :

T,
J=—A ln( —d)

x(pe), \T,
The explicit form of Eq. (12) can make it very useful
for designing an implement calibration procedure. In this

(12)

case, only three parameters x,, A and (pc), are required
when we use Eq. (12) to calculate J from heat pulse data
compared with the procedures of Ren et al™®.

Another objective of this study is to simplify the proce-
dure for calculating J from the heat pulse in cases where
the soil thermal properties are known. In this case, to
calculate J from heat pulse measurements using the Ren’s
equations requires a numerical integration routine coupled
with a nonlinear regression routine. With these two rou-
tines one can obtain J. These are all simple, explicit
equations that can be easily evaluated using a simple cal-
culator or a data logger. A is the soil thermal property
used to calculate J (Eq. (12)). In the case, the soil
thermal properties are not known a priori, and it is not
clear whether it is possible to calculate J using Ren’s
equations (Eq. (2)). However, the results of our analy-
ses show that we can obtain some information from the
heat pulse data even without a priori knowledge of the
soil thermal properties.
(11) and Eq. (12). Once V is known, only an estimate
of pc is needed to calculate J.

V can be calculated from Eq.

3 Conclusion

Using Eq. (12), only three parameters x,, A and (pc),
are needed to calculate the water flux density J from heat
pulse data. Ren’s method has some disadvantages. The
first is that the calculation requires numerical integration,
which is not trivial and may induce some error. The sec-
ond disadvantage is that they used only a single data
point, the MDTD. The measurement accuracy of that
single point will directly affect the calculated J. The new
analysis presented in this paper enables an average value
of T,/T, over an appropriate time interval to be used
with Eq. (11) to calculate V, which can be converted to

J. This averaging can reduce the influence of measure-
ment error in a single data point. The previous methods
do not provide any method to calculate V if « is un-
known; however, this new analysis still needs to be im-
proved upon.
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