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Abstract Heat transfer takes place between grains and the
fluids that saturate the pore space in granular materials, when
the fluid is static or moving. This study explores effective heat
transport in granular materials during cyclic fluid flow. Controlled particle-scale experiments, complementary analyses
and numerical simulations help us identify the governing
variables and ensuing time scales. We show that fluid-grain
heat transfer leads to effective heat transport along the granular medium during cyclic fluid flow. At the macro-scale,
the process resembles diffusion where the effective diffusion
coefficient is proportional to the square of the fluid invasion length in each cycle and inversely proportional to the
cycle period. Both experimental and numerical results confirm improved heat transfer by cyclic fluid flow over thermal
diffusion under hydrostatic conditions. The formulation can
be used to identify optimal operation conditions for maximum transport.

List of symbols
tcy
Cycle period (s)
Characteristic time (s)
tch
Particle radius (s)
rp
k
Thermal conductivity (W m−1 ◦ C−1 )
c
Heat capacity (kJ kg−1 ◦ C−1 )
ρ
Mass density (kg m−3 )
Thw Temperature of hot water bath (◦ C)
Tcw Temperature of cold water bath (◦ C)
Temperature of particle (◦ C)
Tp
Q
Thermal energy (J)
q
Heat transfer rate (W)
α
Proportional thermal energy in the fluid phase

Heat loss coefficient (W ◦ C−1 )
M
Discretization modulus—numerical solution
of the diffusion equation
D
Thermal diffusivity (m2 s−1 )
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The thermal conductivity k of granular materials depends
on the material that makes the grains, the fluid that fills the
pore space and intergranular contact conditions. The thermal
interaction between phases and fabric leads to the following
ordered sequence of thermal conductivity values in the case
of sediments, i.e., granular materials made of mineral grains:
kmineral > ksaturated_granular > kwater > kdr y_graunlar >
kair [1–3]. The contact models to evaluate the heat propagation in particulate materials under static and dynamic condition often highlight the significance of intergranular state
[4,5]. Despite its inherent heterogeneity of granular material, the estimation of thermal conduction involves simplified
assumption of volumetric fraction of constituents and their
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thermal properties, while thermal inertia and microstructure
need to be under consideration [6]. Yet, this observation does
not entail the fluid flow in granular materials.
Steady-state fluid flow is an important heat transport process in granular materials. Its effectiveness depends on the
thermal properties of the material that makes the grains, the
packing density of the granular bed, the fluid composition and
the fluid velocity. Common industrial applications include
heat and mass transfer operations, such as in chemical reactors [7–9]. Fluid-mediated heat transport must be considered in the analysis of geotechnical systems such enhanced
geothermal recovery, borehole instability in deep wells, and
ground response in nuclear waste disposal [10–12].
Can heat transfer take place in cyclic fluid flow through a
granular medium of constant fabric? Cyclic fluid flow conditions arise at all scales and in a wide range of natural systems
and engineering applications, from squirt-flow at intergranular contacts during cyclic loading, to large-scale oscillating flow in near-shore sediments driven by tidal motion. It is
now well known that mass transport takes place during cyclic
fluid flow; in fact, flow in-and-out of bones during physical
exercise sustains bone development [13–15]. Yet, while heat
transfer during cyclic fluid flow in granular materials has
been used to evaluate thermal properties [16–18], the efficiency of heat transport during cyclic fluid flow in granular
matter at constant fabric requires further understanding. Note
that heat transfer in fluidized beds is reported in [8,16,19].
The amplitude of thermal energy in the open system (inlet
= outlet) keep decreasing as the heat is exchanged during
cyclic temperature variation. On the other hand, there is no
continuous flow of cyclic heat in the closed systems (inlet
= outlet), where the heat is propagated by ‘inter-phase heat
exchange’ between invading fluid and solid materials. This
case resembles enhanced chemical diffusion [15]. Also note
that heat exchanges and internal particle heat conduction in
fluidized condition have been investigated [20,21].
The purpose of this study is to explore heat transfer in
granular materials subjected to cyclic fluid flow in the closed
system. Experiments and numerical simulations are designed
to identify governing scales and the parameter space for optimal process performance. Particle level and packing-level
studies follow.

2 Single particle: response to thermal step
The externally imposed time scale in cyclic flow is the cycle
period tcy . On the other hand, the characteristic time for
particle-fluid heat transfer tch is the internal time scale for
the process. Analogous to other physical processes, we anticipate that the ratio tcy /tch will define different heat-transfer
regimes in cyclic flow. The purpose of this first study is to
determine the characteristic time tch .
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Fig. 1 Temperature change in a particle (r p = 0.0127 m) when it is
suddenly submerged in a large cold water bath. The insert shows the
definition of the characteristic time tch . Data shown for cooling in still
water and in stirred water

Experiment
An aluminum-bronze spherical particle (Alloy 630; radius
r p = 12.7 mm, thermal conductivity k p = 39.1 W m−1 ◦ C−1 ,
heat capacity c p = 0.38 kJ kg−1 ◦ C−1 , density ρ p = 7584
kg m−3 ) is instrumented with a 1 mm diameter thermocouple
housed at its core. The particle is submerged in a hot water
bath at constant temperature Thw = 49.5◦ C. Once the equilibrium temperature is reached, the particle is quenched in
a large-volume bath filled with cold water Tcw = 20◦ C. The
evolution of the particle temperature in time T p (t) is monitored every 1 s. Figure 1 shows the temperature response
during quenching for two test conditions, one in a still water
bath and the other under forced convection by stirring.
Analysis
Conservation requires that the change of thermal energy in
the particle per unit of time dQ/dt is equal to the heat transfer
rate into the surrounding water q(t) (W), i.e., d Q/dt = q(t).
The thermal energy in the particle is proportional to its volume, the specific heat c p and mass density ρ p of the material
that makes the particle, and the particle temperature T p . Let’s
assume that the interior temperature of the particle remains
approximately uniform at all times, i.e., the time for internal thermal homogenization is much smaller than the time
required for the particle to reach the bath temperature. Then,


d T p (t)
4 3
dQ
= πr p ρ p c p
dt
3
dt

(1)

The rate of heat transfer from the particle to the surrounding
water q(t) is proportional to the particle-water interfacial area
A p (m2 ) and the temperature difference between the water Tw
and the particle T p (t)


q(t) = h A p Tw − T p (t)

(2)
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Integrating from time t = 0-to-t and the initial particle temperature T pi to T p (t) yields
T p (t) − Tw
=e
T pi − Tw



− ρ p 3h
cpr p t

Bath B

Bath A

where the particle-fluid heat transfer coefficient
h(W m−2 ◦ C−1 ) captures interfacial conditions, and all types
of heat transfer within the fluid for the given test conditions,
i.e., convection, forced convection, and/or diffusion. Then,
the particle temperature evolution in time is



d T p (t)
3 h Ap 
=
Tw − T p (t)
(3)
3
dt
4π ρ p c p r p

*
Thw=52° C

Heat absorption in hot water
at constant temperature

*
Tcw=f(t)

Heat release in cold water
being heated
* thermocouples

(4)

Let’s define the “characteristic time” tch as the time lapsed
when the difference between the particle temperature and
the medium T p (t) − Tw reduces to 1/e of the initial thermal
difference T pi − Tw . Setting Eq. 4 equal to 1/e results in

Fig. 2 Heat transfer by repeatedly moving a heated particle from the
constant temperature hot water bath “A” into a cold water bath “B” of
finite mass

For these data Biot = 0.06 in still water, and the lumped mass
model for negligible internal resistance assumed in Eq. 1 is
adequate to capture the physical process.

in each bath with a pre-selected fixed periodicity tin until
the temperature of the cold water bath Tcw approaches an
asymptote value.
The evolution of the particle temperature T p (thermocouple housed at the core of the particle) and the temperature
of the cold water bath Tcw are plotted in Fig. 3. Data are
presented for cycle periods tcy = 100 s and 200 s so that
the total duration of the two tests is the same. The particle
temperature oscillates as it absorbs and releases heat in each
cycle. The bath B temperature Tcw increases when the heated
particle is immersed in it, and it remains relatively constant
while the particle is being heated in the constant temperature
hot water bath A. At the end of the 5000 s total test duration,
the temperature in Bath B reaches 45.2◦ C when tcy = 100 s
(50 cycles), and 42◦ C when tcy = 200 s (25 cycles). Note
that the immersion time in both studies, tcy /2 = 50 s and
100 s, exceeds the characteristic time measured for this spherical particle, tch = 23 s. Therefore, there is sufficient time in
each immersion to transfer most of the stored heat. Indeed,
trends gathered in the two tests superimpose when the data
are plotted versus the number of cycles (Fig. 3c).

3 Single particle: cyclic heat exchange

Analysis

The successive immersion of a particle in a cold and a
hot water baths is a form of mechanically-mediated heat
transfer between two chambers. Such grain-fluid cyclic heat
exchange is tested in this second study using the same
aluminum-bronze particle as in the previous experiment.

The rate of heat transfer and heat balance expressions (Eqs.
1, 2) can be written in finite difference form as follows

tch =

ρ p c pr p
3h

(5)

The characteristic time for the data shown in Fig. 1 is tch =
23 s for still water conditions and tch = 8 s for forced convection. The corresponding values for the heat transfer coefficient h computed from Eq. 5 are h = 530W m−2 ◦ C−1
for still water and h = 1525 W m−2 ◦ C−1 for forced convection. These results show the predominance of convective
heat flow on the rate of heat exchange between two materials.
The assumption made earlier that the time for internal
thermal homogenization within the particle is much smaller
than the time required for the particle to reach the bath temperature is satisfied when Biot’s number is small
Biot =

r ph
< 0.1
3k p

(6)

Experiment
A large mass of hot water is kept at constant temperature
Thw = 52◦ C in bath “A” (Fig. 2). The second bath “B” has a
constant water mass of 100 g and starts at an initial temperature of Tcw = 21◦ C. The particle is sequentially submerged



i
q i = h A p T pi − Tcw
heat transfer rate at time ti - from Eq. 2
t
qi
T pi+1 = T pi − 4
3ρ c
πr
p
p
3
particle temperature at time ti+1 - from Eq. 1
t
i+1
i
= Tcw
+
qi
Tcw
ρw cw Vbath B
water temperature at time ti+1 - analogous to Eq. 1

(7)

(8)

(9)
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Fig. 4 Experimental data (dotted lines) and numerical prediction (solid
lines) corresponding to the particle and the water bath temperature evolution—Cycle duration tcy = 200 s. Numerical predictions in each
frame assume: a adiabatic conditions—the overestimated bath temperature increases with time; and b heat loss to the surroundings (fitting
value:  = 0.05W ◦ C−1 ). Note: T p particle temperature; Tcw cold
water bath temperature
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suggesting heat loss into the surroundings. A heat loss term
proportional to the temperature difference between the cold
water bath Tcw and the room temperature Tr oom is introduced
in Eq. 7,

Fig. 3 Measured heat transfer in two-baths experiments. Temperature
evolution with number of cycles for immersion duration tcy = 100 s
and 200 s. T p : particle temperature. Thw : constant hot water bath temperature 52◦ C.Tcw : cold water bath temperature

i
i
q i = h A p (T pi − Tcw
) − (Tcw
− Tr oom )

where Vbath B is the volume of water in the cold water bath
B. These expressions permit computing the evolution of the
particle and water bath temperatures at time ti+1 = ti + t
as a function of the temperatures at time ti where t is the
time increment.
Figure 4a shows measured and predicted temperatures
when the cycle duration is tcy = 200 s. Predicted values are
numerically computed every t = 1 s using a heat transfer
coefficient h = 530W m−2 ◦ C−1 (without forced convection—Fig. 1). The measured exponential cooling and heating of the particle are well captured in the simulation. The
temperature of the water Bath B is overestimated in Fig. 4a,

where (W ◦ C−1 ) is the heat loss coefficient. The corrected
temperature evolution is plotted in Fig. 4b for a heat loss
coefficient  = 0.05W ◦ C−1 that is determined by fitting
experimental data with numerically computed values.
The number of cycles is inversely proportional to the
immersion time for a given test duration tt . Therefore, longer
immersion times allow for more thorough particle-water heat
exchange while shorter immersion times permit a larger
number of cycles per unit of time but at a diminished heat
exchange per cycle. Hence, we anticipate a trade-off between
immersion time and the number of cycles, and the emergence of an optimal test condition for maximum time-average
heat transfer. The finite difference algorithm described above
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• first drainage phase: the colder saturating fluid at a distance x > L moves down towards the boundary and
picks up heat from the grains,
• second invasion phase: the hotter saturating fluids in the
zone 0 ≤ x ≤ L moves up and transports heat further
into the granular bed to a distance x ≤ 2L.

Normalized temperature

Tmax at tcy /tch = 1~1.5
1
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duration

0.4

tt = 1×104s
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0.1
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Fig. 5 Predicted temperature of the water bath at selected times for different cycle durations tcy . The maximum temperature is obtained when
tcy /tch is 1 ∼ 1.5, where the characteristic time tch = 23 s. The normalized temperature in y-axis represents (T pr edicted −Tcw )/(Thw −Tcw )

is used to explore the different process regimes, in terms
of the ratio between the cycle period and the characteristic time tcy /tch , using material parameters and conditions
corresponding to the tests reported in Fig. 3. Results are
shown in Fig. 5 for both short and long duration tests
(tt = 1 × 103 s and 1 × 104 s with constant characteristic time tch = 23 s in Fig. 1). Time and temperature are
presented in dimensionless form to facilitate the comparison of test results. The normalized temperature in the y-axis,
(T pr edicted − Tcw )/(Thw − Tcw ) captures the evolution of
the medium temperature during cyclic heating between the
two extreme system temperatures Thw and Tcw . Due to the
short test duration and losses, the bath temperature reaches
only (T pr edicted − Tcw )/(Thw − Tcw ) ∼ 0.4. The optimal
operating regime is better defined in short-duration tests:
tcy /tch = 1 ∼ 1.5 for a test duration tt = 1 × 103 s. The
benefit of operating in the optimal tcy /tch window diminishes
for longer duration tests.

4 Granular medium: heat transport during
cyclic fluid flow
Granular beds hinder particle movement so heat transport can
not be based on cyclic grain displacement, as in the previous
section. Instead, we explore herein the case of heat transport
driven by cyclic fluid flow in the granular bed. The anticipated sequence of events for the case of a granular medium
with a pervious boundary against a constant hot fluid reservoir follows (Fig. 6a):
• first invasion phase: hot fluid from the reservoir moves
up and invades the granular medium to a certain distance
x = L and heat is transferred to the particles,

This mental experiment shows heat transport in granular
materials driven by cyclic fluid flow. We investigate this phenomenon using both experimental and numerical methods
next.
Experiment
The specimen consists of water-saturated quartz sand
(Ottawa sand; D50 = 0.72 mm, Cu = 1.15, porosity n =
0.4) packed inside a Plexiglas cylinder (diameter = 70 mm,
height = 400 mm). Fifteen thermocouples are embedded
every 20 mm along the specimen height to monitor temperature (1 s sampling interval—Fig. 7). Cyclic fluid flow is
enforced through the bottom port using a three-way valve.
Hot water is introduced to a height L = 20 mm (∼30 particles diameter), then, the same volume of water is drained
out of the sand. Invasion and drainage stages last ∼5 s and
are much shorter than the complete cycle to minimize heat
exchange during fluid flow (Fig. 6b). The water surface
remains above the sediment surface at all times. The initial
temperature of the saturated sand column for the various tests
is 30-to-32◦ C and the temperature of the hot water reservoir is
50-to-55◦ C.
Figure 8 shows the temperature evolution with time at different heights away from the entry port for three cycle periods tcy = 20 s, 60 s and 120 s. The data clearly show heat
transport along the column prompted by the cyclic fluid flow.
Temperature oscillations reflect each flow cycle; tests with
longer cycle tcy show slower temperature evolution. Measurements at different elevations do not seem to converge to
a single temperature; this implies heat loss from the column
into the surrounding medium.
Analysis
Let’s assume that all heat transport in the column results from
cyclic fluid flow as described in the mind-experiment above,
so that there would be no heat transport in the absence of
fluid flow. The column is discretized into segments of length
equal to the invasion distance L in Fig. 6c. The fluid in
segment i − 1 at temperature Ti−1 invades the ith segment
and remains there until the temperature reaches equilibrium
(i.e., “long cycle” regime). At thermal equilibrium,
q f luid − q paricle = cw m w (Tw − Ti ) − cs m s (Ti − Ts ) (11)
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(a) Schematic heat transfer during cyclic fluid flow

ΔL
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advances to x ΔL
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(b) Time scale of fluid invasion and drainage
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Fig. 6 a Heat transport during cyclic fluid flow. a-1 A granular column sits on a hot fluid reservoir. a-2 Hot fluid invades the sediment
to height x ≤ L and transfers heat to grains. a-3 During the partial
drainage phase, colder fluids further away from the boundary x > L

move down and uptake heat stored in the granular medium. a-4 The
new invasion cycle moves the warmer fluids further up to x ≤ 2L. b
Duration of invasion and drainage phases compared to cycle duration.
c Tracking temperature evolution in discrete time and space

Then, the temperature in the ith segment in the middle of the
jth cycle is (Note: a full cycle consists of both fluid invasion
and discharge)

At the same time, the temperature Ti+1 for the adjacent segment i + 1 is

Ti

j+ 21

=

j
j
Ti−1 (m w cw ) + Ti (m p c p )

m w cw + m p c p

=

j
αTi−1

+ (1 − α) Ti

j

(12)
where α is a function of the mass m and specific heat c of
water and particles. The coefficient α can be then expressed
as a function of the water content in the granular medium
wwhich is the ratio of mass of water to mass of particles,
w = m w /m p ,
α=

w
m w cw
=
c
m w cw + m p c p
w + cwp
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j+ 1

Ti+1 2 =

j

j

Ti+1 (m p c p ) + Ti (m w cw )
m w cw + m p c p

j

j

= αTi + (1 − α) Ti+1
(14)

During the discharge phase of the cycle, the fluid that occupied the i + 1 segment at the end of the invasion phase
( j + 1/2) returns to the ith segment. Then, the temperature in the ith segment at the end of the cycle is obtained by
combining Eqs. 12 and 14
j+1

j+ 1

j+ 1

= αTi+1 2 + (1 − α) Ti 2

 

j
j
j
= α (1 − α) Ti−1 + Ti+1 + α 2 + (1 − α)2 Ti (15)

Ti
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Fig. 7 Experimental configuration used to study heat transfer during
cyclic fluid flow in a granular medium
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The first order finite difference approximation is
Ti

j+1

j

j

= M(Ti−1 + Ti+1 ) + (1 − 2M)Ti

j

(16)

(17)

where the modulus is M = D · t/x 2 and t and x indicate the discretization of time and space. Eqs. 15 and 17
are equivalent when M = α − α 2 , assuming the equilibrium
restriction applies (Eq. 6), i.e., trends predicted using Eqs. 15
and 17 are identical on Fig. 8. In other words, heat transfer
in cyclic fluid flow is equivalent to thermal diffusion with
diffusivity Dcy
cs

Dcy =

L 2
cw w

2
tcy
cs
cw + w

(18)

Thus, the equivalent thermal diffusivity is determined by
the cyclic flow parameters, invasion height L and cycle
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The one-dimensional thermal diffusion equation relates temporal and spatial changes in temperature through the thermal
diffusion coefficient D(m2 s−1 )
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In Fig. 8, we superimpose the numerically predicted temperature trends at the end of each cycle over the cyclic response
j
measured in the tests. A heat loss term, λ(Ti − Tr oom ) equivalent to Eq. 10, is included to capture the lower asymptotic
temperature values at higher elevations away from the entry
port.
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Fig. 8 Temperature evolution during cyclic fluid flow. Experimentally
measured temperature evolution at different distances away from the
entry port for three cycle periods a tcy = 20 s, b tcy = 60 s and
c tcy = 120 s. The smooth lines (non-oscillating) lines are the numerically predicted temperature at the end of each cycle using either the
cyclic fluid flow formulation (Eq. 15) or the equivalent diffusion Eq. 18.
Note: both expressions are modified to take into consideration heat loss
along the column

duration tcy . The second factor in Eq. 18 depends on material
parameters and is typically ≤0.2 for water saturated geological sediments; more advantageous heat transport conditions
may be attained in other grain-fluid systems. It is worthwhile
noting that analogous mass exchange-and-transport develops in cyclic fluid flow and it manifests as an equivalent
diffusion-type response at the macro-scale as well (see details
in [15]).
We assumed no thermal diffusion in our cyclic fluid flow
analysis. However, diffusive transport in cyclic fluid flow
combines thermal diffusion under hydrostatic conditions D
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Table 1 Measured and estimated parameters
Cycle period tcy (s)

Fitted diffusion Eq.

Computed diffusivity
in cyclic fluid flow
Dcy (m2 s−1 )

Diffusion no fluid flow D(m2 s−1 )

measured: 0.8 ×
10−6 bounds*:
0.3 × 10−6 ≤
D ≤ 1.3 × 10−6

Diffusivity De f f (m2 s−1 )

Heat loss λ(s−1 )

20

2.5 × 10−6

0.00046

3.46 × 10−6

60

1.5 × 10−6

0.003

1.15 × 10−6

120

1.2 × 10−6

0.0025

5.77 × 10−7

* Parallel and series bounds

with diffusion in cyclic flow Dcy to produce the effective
diffusion De f f
Def f = D + Dcy

(19)

The values of diffusivity identified by matching experimental results in Fig. 8 correspond to De f f . Table 1 presents
a summary of fitted values De f f and computed values Dcy
(Eq. 18). For comparison, the measured thermal diffusion
coefficient without fluid flow is presented in the table. Both
measured and predicted thermal diffusivity values De f f and
Dcy clearly decrease with increasing cyclic period tcy .
The characteristic time for sand particles tch ∼ 0.2 s is
estimated using the empirical correlation between Peclet
and Nusselt numbers for a fluidized bed in [19]. Note that
the estimated grain characteristic time is shorter than the
invasion-drainage phases and the cyclic periods used in the
tests. Therefore, extensive heat exchange takes place while
water flows in and out of the granular bed; this explains the
lower sensitivity to tcy than theoretically predicted (Table 1).
Given that tch  tcy , shorter cycle periods could be applied
to increase the effective heat transport per unit of time.
The heat loss coefficient  is simultaneously determined
while fitting numerical predictions to experimental results
(Table 1). Heat loss is proportional to the difference between
the surrounding temperature and the temperature inside
the cell. Therefore, heat loss increases during the test and
is inversely proportional to the effective thermal diffusivity of the medium. Note that the available expressions for
heat transfer in packed beds apply to steady flow rather
than the cyclic fluid flow [22]. The steady flow velocity
or time-average velocity in this study is zero. Therefore,
reported correlations predict a null heat transfer coefficient.
Instead, upper and lower bounds for heat diffusion in packed
beds are compared with measured values (Table 1).
An incompressible one-dimensional system experiences
the same flow rate along the body. This is not the case in
compressible systems where the flow rate decreases away
from the pervious boundary; the efficiency of heat transport
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should decrease accordingly. High invasion length in short
time requires high gradients, which may eventually cause
hydro-mechanical effects including instabilities within the
granular medium.

6 Conclusions
Heat transport in granular media subjected to cyclic fluid flow
under constant fabric can be a significant transport process.
Mathematically, heat transport in cyclic fluid flow is
equivalent to diffusion, where the effective diffusivity is
proportional to the square of the invasion depth and inversely
proportional to the cycle period.
Heat transport during cyclic fluid flow is restricted by the
characteristic internal time for fluid-grain heat transfer tch .
Optimal transfer conditions develop when tcy /tch = 1 ∼
1.5.
Anticipated implications of heat transport during cyclic
fluid flow extend to natural systems (daily tidal fluctuation,
hydrothermal chimneys in the seafloor), engineered cooling
(from microelectronics to buildings and pavements), and biomedical applications (tissue recovery and preservation).
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