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Unsteady heat transfer in an aerodisperse system with a dense gravel bed
in a soil regenerator channel

The paper investigates the space-time evolution of the temperature field in the aerodisperse
system “‘air—dense gravel bed” realized in the channel of a soil regenerator for greenhouses.
Aerodisperse systems with dense granular layers are widely used in heat power units, regener-
ative heat exchangers, and seasonal thermal energy storage devices, but the physics of unsteady
heat transfer between the gas flow and a fixed bed of particles has not been fully clarified.
Special attention is paid to the sequential heating of the bed along the channel and to the inter-
action between the thermal front in the solid phase and the temperature field of the gas phase,
which are characteristic features of aerodisperse systems under charging conditions of heat
storage units.

The aim of this study is to analyze the temperature field in the channel of a soil regenerator
with a dense gravel bed considered as an aerodisperse system and to quantify coupled heat
transfer between the gas and solid phases under transient conditions. The physical model is
formulated as a two-component quasi-homogeneous medium, where the gas flow and the dense
granular layer are treated as interacting components of the aerodisperse system. The governing
equations include the heat transfer equation for the solid phase with effective thermal conduc-
tivity and a convective energy equation for the gas flow with an intercomponent heat transfer
term describing the energy exchange between the gas and dispersed subsystems. The numerical
implementation is performed in Matlab using finite-difference schemes: gas temperature along
the channel is calculated sequentially in space, while the temperature of the granular bed is
obtained by an implicit time-stepping scheme.

The calculations employ thermophysical properties of a gravel bed typical for regenerators
with dense granular packing, including porosity, density, specific heat, effective thermal con-
ductivity, and specific particle surface area. The results are presented as two-dimensional tem-
perature fields T(x,t) and Tg(x,t), temperature profiles of the bed and gas along the channel at
characteristic times, and time dependences at selected cross-sections. It is shown that a pro-
nounced heating front is formed in the “air—dense gravel bed” aerodisperse system, which
gradually propagates from the inlet region of the channel towards the outlet due to gas cooling
and heat accumulation in the granular layer. The obtained regularities provide deeper physical
insight into heat transfer in aerodisperse systems with dense packing and can be used to opti-
mize geometric and operating parameters of soil regenerators and other regenerative heat ex-
changers with granular beds.

Keywords: gas flow, dense granular bed, gravel, soil regenerator, temperature field, heat
transfer, two-component model, Matlab.

Introduction. Problem statement. Energy-efficient heating systems for agricul-
tural greenhouses remain a pressing engineering challenge, particularly in regions with
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significant diurnal temperature fluctuations. One promising solution is the soil
(ground) regenerator — a channel filled with a dense granular bed that accumulates
thermal energy during daylight hours by blowing warm greenhouse air through the
packed layer and releases this heat to the incoming cold air at night. The working me-
dium of such a device is an aerodisperse system formed by a through airflow and a
stationary dense layer of granular particles, in which coupled heat transfer between the
gas and solid phases determines the charging and discharging performance of the entire
unit. Despite the apparent simplicity of this physical picture, the spatiotemporal evolu-
tion of the temperature field in the channel — particularly the propagation of the thermal
front along the granular bed — requires rigorous modelling that accounts for the separate
energy equations of both phases.

Formulation of the article's aim. Despite the progress described above, the pub-
lished results for soil regenerators are largely based on either simplified single-phase
approaches or analytical solutions that treat the gas temperature as uniform along the
channel — an assumption that conceals the physically important phenomenon of gas
cooling in the flow direction and the resulting delayed heating of downstream bed sec-
tions. The aim of this article is to investigate the spatiotemporal temperature field in
the aerodisperse system "air — dense gravel bed" of a soil regenerator channel by means
of a two-component numerical model that solves coupled energy equations for both
phases, and to demonstrate the formation and propagation of the thermal heating front
along the packed-bed channel.

Analysis of recent studies and publications. The heat transfer in dense packed
beds with a gas flow has been studied extensively since the classical work of Schu-
mann, who proposed a one-dimensional two-phase (gas—solid) model that forms the
theoretical basis for most contemporary approaches [1]. Subsequent analytical and nu-
merical developments confirmed that the Schumann-type model adequately captures
the thermocline behaviour in packed-bed thermal energy storage systems when inter-
component heat transfer is correctly parameterised. Reviews of packed-bed sensible
heat storage systems highlight that the single most important parameter governing the
shape of the thermal front is the intercomponent heat transfer coefficient between the
flowing fluid and the granular packing [1, 2]. Practical experiments on soil regenerators
with crushed stone and gravel packing showed that this coefficient lies in the range of
4-9 W/(m?-K) under typical greenhouse operating conditions, and the Biot number
remains sufficiently small to justify the lumped-solid assumption for individual parti-
cles. Mathematical modelling of the heat transfer process in a dense blown gravel layer
demonstrated that the analytical temperature distribution along the channel correlates
satisfactorily with experimental data when porosity, density, specific heat, effective
thermal conductivity, and specific particle surface area are taken as input parameters
[3 — 5]. Development of the soil regenerator design for a greenhouse with an 18 m?
floor area showed that five 5.75 m channels filled with crushed stone can accumulate
enough heat during a six-hour charging period to maintain the temperature for approx-
imately 2.6 hours after sunset under a mean ambient temperature of 7 °C [3, 6]. Effec-
tive thermal conductivity of granular beds has been shown to depend strongly on par-
ticle shape, packing fraction, and the contact network between particles, and must be
treated as an independent model parameter rather than a simple mixture average. The
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author's earlier dissertation work systematically investigated the intensification of heat
and mass transfer in dense granular layers and developed a procedure for thermal de-
sign calculations of soil regenerators with granular packing for greenhouses, establish-
ing the empirical dependences for the intercomponent heat exchange factor and veri-
fying the model against pilot-plant measurements| 4 — 7].

In addition to classical one-dimensional models, recent research has focused on
refining the description of local thermal non-equilibrium effects and on validating more
detailed numerical approaches such as CFD-DEM and pore-scale simulations, which
resolve the gas flow and temperature fields around individual particles in the packed
bed. These studies confirm that, for engineering-scale soil regenerators operating at
moderate Reynolds numbers and with relatively large gravel particles, the Schumann-
type two-equation macroscopic model remains sufficient for predicting the overall
thermal response, provided that the effective transport properties and interphase heat
transfer coefficient are carefully calibrated against experimental data [1, 7]. At the
same time, the advanced numerical results help to interpret the influence of bed struc-
ture, particle shape and size distribution on the effective thermal conductivity and on
the spatial heterogeneity of the temperature field, which is particularly important when
designing compact regenerators with limited bed length and when assessing the sensi-
tivity of the thermal front propagation to packing irregularities and local channelling
of the airflow.

Experimental setup and pilot regenerator. The experimental investigation was
carried out using a pilot soil regenerator installed inside an operating greenhouse and
a dedicated laboratory channel designed for studying heat transfer in dense granular
beds under controlled conditions. The pilot regenerator channel had an inner diameter
of 100 mm and a working length of 1 m; the channel was filled with granite gravel with
a particle size fraction of 40—60 mm and was buried under the greenhouse floor to
ensure thermal contact with the surrounding soil. The channel was thermally insulated
with 12 mm milled rubber, which corresponded to an overall heat transfer coefficient
of £=2.34 W/(m?-K) during the pause period.

Air flow through the channel was provided by a fan with a rated volume flow of
105 m?/h, yielding a filtration velocity in the range 0.3—0.5 m/s in the granular bed.
During the daytime charging phase, warm air was taken from the upper (hottest) zone
of the greenhouse and blown through the gravel bed; at night, the air circulation direc-
tion was reversed and the accumulated heat was released to the cold incoming air. Au-
tomatic insulated shutters were installed at both ends of the channel to prevent convec-
tive heat loss during the pause period between charging and discharging.

Temperature measurements were performed using five TemPer 2.0 thermocou-
ples positioned along the channel axis at distances of 0.1, 0.3, 0.5, 0.7, and 0.9 m from
the inlet, plus additional sensors at the air inlet and outlet and in the ambient environ-
ment; data were logged at 3-second intervals via TemPer V27 software. The thermo-
couple arrangement allowed the full axial temperature distribution in the granular bed
to be monitored continuously throughout the charging and discharging cycles.
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Fig 1. Layout diagram of the ground regenerator in the greenhouse
1 — granulated material, 2 — heat-exchange channel, 3 — air duct, 4 — exhaust fan, 5 — in-
sulation, 6 — soil in the greenhouse.

Table. Thermophysical properties of the gravel bed

Parameter Value Unit
Solid density, Py 1500 kg/m?
Specific heat, ¢, 860 J/(kg-K)
Effective thermal conductivity, A . 0.25 W/(m-K)
Porosity, & 0.40 —
Specific particle surface, 4, 800 m*/m?
Intercomponent heat transfer coeff, & 3.8-15.7 W/(m?-K)

The thermophysical properties of the gravel bed used as input data in all calcu-
lations are listed in Table 1, and are consistent with values reported in the authors'
earlier study.

Physical and mathematical model. The aerodisperse system "air — dense gravel
bed" is modelled as a two-component quasi-homogeneous medium consisting of a gas
component (air) and a solid component (gravel particles). The dense bed is assumed
stationary and the flow is one-dimensional along the channel axis x. Thermal equilib-
rium between the two components is not assumed; instead, the temperature fields of
the gas T,(x,f) and the solid phase 7(x,f) are determined independently and coupled
through the intercomponent heat transfer term.

The energy equation for the solid (granular) phase is:

oT o'T

qucsazkeﬁ{§+ocapﬂ(Tg—T), 0<x<L,t>0 (1)

Where pes=(1—¢€)p;s 1s the effective density of the solid phase in the bed.
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The energy equation for the gas phase is written in the convective quasi-steady
form, accounting for the heat exchange with the solid layer:

(T,-T), 0<x<L )

pgcgoaa—; =-0a,,
Where w is the filtration velocity of air, and p,=1.2 kg/m?, c,~1000 J/(kg-K) are
the density and specific heat of air.
Initial and boundary conditions are:
oT

T
T(x,0)=T,; T,0,0)=T,,; or ==
x=0

" ox
The initial layer temperature was 7,=20 C and the inlet air temperature was
T,in=360C, in accordance with the experimental conditions recorded in the pilot tests.

=0. (3)

x=L

Numerical implementation in Matlab. The mathematical model (1)—(3) was im-
plemented numerically in the Matlab environment using finite-difference schemes. The
channel of length L=1 m was discretised into Nx=121 equal spatial intervals
(Ax=L/(Nx—1)), and the time domain [0,3600s] was divided into Nt=721 steps (At=5s).

At each time step the computation proceeds in two sub-steps. First, the gas tem-
perature distribution 7g(x) is calculated by integrating equation (2) explicitly along the
spatial coordinate from the inlet boundary condition:

. . oa,, ‘ ‘
Tgf’) :7;(”1) —Ax-—p”(Tg(”” T, i=2,..,N, 4)
pgcg(l)

Second, using the gas temperature field 7g(x) computed in the first sub-step, equa-
tion (1) is solved for the solid-phase temperature at the new time level using an implicit
(backward-Euler) finite-difference scheme, which yields an unconditionally stable
tridiagonal system of linear equations at each time step:

1 T"
A e | e =t ©)
where 7 = Aett/(peticsAx?) and s=aapi/(pesics). The adiabatic wall boundary conditions are
enforced using one-sided differences at i =1 and i=N.

Results and discussion. The computed two-dimensional temperature field 7(x,¢)
of the gravel bed is shown in Fig. 2, and the gas-phase field 7g(x,7)in Fig. 3. Both fields
exhibit a pronounced diagonal thermal front propagating from the channel inlet (x=0)
toward the outlet (x=L) as time increases.

The physical mechanism is as follows: at the beginning of the heating period the
incoming air at 36 °C gives up heat primarily to the inlet section of the gravel bed,
where the bed—gas temperature difference is maximal. As the inlet section heats up, the
gas arrives at deeper cross-sections with progressively less residual thermal driving
force, so these sections begin to heat with a time delay visible as the propagating front
in Fig. 1. This sequential layer-by-layer heat absorption is fully consistent with the
experimental observations reported in the pilot-regenerator tests, where no abrupt tem-
perature discontinuities were detected along the channel axis.
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Fig. 2. Temperature field T(x,t) of the
dense gravel bed in the soil regenerator
channel (Matlab simulation).
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Fig. 3. Temperature field Ty(x,t) of the
airflow along the channel (Matlab sim-
ulation)
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Fig. 5. Time evolution of the gravel bed
temperature at selected axial positions.
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The axial temperature profiles of the gravel bed at characteristic instants are pre-
sented in Fig. 4. After 60 s of heating the temperature elevation is almost entirely con-
fined to the first 0.2 m of the channel; by 900 s the front has advanced to approximately
0.5 m; and at 3600 s a nearly uniform temperature close to the equilibrium value is
established along the full channel length.

The time evolution of the bed temperature at five axial positions is shown in Fig.
5. The inlet section (x=0.1 m) reaches near-equilibrium within approximately 600 s,
whereas the outlet section (x=0.9 m) does not attain the same temperature even after
3600 s, reflecting the limited heat carried by the cooled air in the downstream region.

The mean cross-sectional bed temperature at /=3600s obtained from the two-com-
ponent model equals approximately 31-32 °C, which agrees with the experimental
value of 32 °C measured in the pilot tests to within the experimental uncertainty. This
agreement validates the physical adequacy of the two-component model and the cor-
rectness of the adopted thermophysical parameters. The intercomponent heat transfer
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coefficient o=7 W/(m?-K), used in the present calculation, falls within the experimen-
tally determined range of 3.8—15.7 W/(m?-K) for the gravel bed at a filtration velocity
of 0.12 m/s and an inlet air temperature of 36 °C.

The computed gas-phase profiles (Fig. 3) show that at early times the air cools
noticeably along the channel — from 36 °C at the inlet to near the initial bed temperature
at the outlet — confirming that the assumption of a spatially uniform gas temperature
would be physically incorrect for this configuration. As the bed heats up, the driving
temperature difference between gas and solid diminishes uniformly, and the axial gra-
dient of Tg flattens progressively, as observed in the experimental temperature records.

Conclusions

1. Based on the analysis of literature and experimental data, a two-component
mathematical model of the aerodisperse system “air—dense gravel bed” in a soil regen-
erator channel has been developed, which accounts for separate energy equations for
the gas and solid phases and their intercomponent heat exchange.

2. The numerical implementation of the model in Matlab, using an implicit finite-
difference scheme for the solid phase and sequential computation of the gas tempera-
ture along the channel, made it possible to obtain spatio-temporal temperature fields
T(x,t) and Tg(x,t) with a clearly pronounced heating front propagating from the inlet
towards the outlet.

3. It has been shown that, for parameters typical of a gravel bed in a greenhouse
soil regenerator (porosity, effective thermal conductivity, specific particle surface area,
intercomponent heat transfer coefficient), the most intensive heating occurs in the ini-
tial section of the channel, while downstream cross-sections of the bed are heated with
a significant time delay, forming a non-stationary thermal front.

4. Comparison of the cross-section-averaged gravel bed temperature predicted by
the two-component model with experimental data from the pilot soil regenerator shows
satisfactory agreement, with an error of only a few percent, which confirms the ade-
quacy of the adopted thermophysical parameters and the experimentally determined
range of the intercomponent heat transfer coefficient.

5. The obtained results can be used for engineering design and optimisation of
soil regenerators with dense granular packing, in particular for selecting channel
length, particle size and type, airflow filtration velocity, and charging duration, as well
as for further development of heat transfer models in aerodisperse systems with dense
particle layers.
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L 1. Myxkminoes

HecranmionapHe TemionepeHeceHHsl B aepOAUCIEPCHiN cucTeMi 3
IMIJIbHUM IAPOM I'PaBil0 B KaHAJIi IPYHTOBOI'0 pereHeparopa

AHoTanis

Y emammi docnioaceno npocmoposo-uacoei ocooaueocmi hopmysanHs memnepamypHo20
noJis 8 AepOOUCHEPCHIIL cUucmeMmi «N0GIMps — WIIbHULL Wap 2pasitoy, wo peanizyemucs 8 Ka-
Hai IPYHMOB020 pecenepamopa 0 menauysb. Aepooucnepchi cucmemu 3 WilbHUMU WApamMu
2PAHYl WUPOKO 3ACMOCOEYIOMbCA 8 MEeNI0CHePeeMUYHUX YCIMAHOBKAX, PeceHepamueHux me-
NJI0OOMIHHUKAX MA CE30HHUX AKYMYIAmopax meniomu, npome Qizuxa HecCmayioHapHo2o me-
NJIONepeHecer s Midc 2a308UM NOMOKOM I HEPYXOMUM WLAPOM YACTUHOK 3ANUUAEMbCS HEOO-
cmamubo susuernor. Ocobnusy yeazcy npuoileHo noCii008HOMY NPOSPIBAHHIO ULAPY 63008HC
KaHany ma 63aemoolii (ppoHmy HacpieanHs 3 Nojiem memnepamyp 2a3oeoi ¢haszu, wo € xa-
PAKMEPHUMU PUCAMU NOBEOTHKU AEPOOUCNEPCHUX CUCTEM ) DEHCUMAX 3APAONCAHHA MeNnno-
AKYMYII08AIbHUX NPUCMPOIB.
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Memoro pobomu € ananiz memnepamypHo20 NOJIsL @ KAHAL IPYHMOBO20 pe2eHepamopa 3
WITbHUM WAPOM 2pasito sIK aepoOuUCnepcHoi cucmemu ma KilbKiCHA OYIHKA 83AEMONO08 S3a-
HO20 menjonepeHecenHs Midxc 2a306010 i meepoolo gazamu 6 HecmayionapHux ymoeax. Dizu-
UKy MOOeb NOOYO0BAHO V 8U2TA0I 0BOKOMNOHEHMHO20 KBA3I20MO2EHHO20 cepedosuiyd, oe 2a-
306Ul ROMIK [ WITbHUL 2PAHYTb0BAHUL WLAD PO32TA0AOMbCS K 83AEMOOTIOU] KOMNOHEHMU de-
pooucnepchoi cucmemu. Cucmema pigHsHb BKIIOUAE PIGHAHHS MENIONEPeHoc)y 8 meepoiil ¢aszi
3 YPaxy8auHAM epekmuHoi menionpogioHoCmi ma KOHBEKMUBHe PIGHAHHSA OJis 243068020 NO-
MOKY 3 YIeHOM MIHCKOMNOHEHMHO20 MeNn1000MIHY, AKULL ONUCYE eHepeemUUHY 83AEMO0II0 Ou-
cnepcHoi ma 2azo80i niocucmem. HYucenvHy peanizayiio uKoHaro 8 cepedosuuyi Matlab 3a 0o-
NOMO2010 PISHUYEBUX CXeM: MeMnepamypy a3y 630084 KAHALY 00UUCTI08ANU NOCTIO0BHO 3a
KOOpOUHAmMoro, a memnepamypy wilbHo20 wapy — 3a Hes8HOK CXeMOI0 ) Yacl.

Y pospaxynkax epaxosano mennogizuuni xapakmepucmukuy wapy 2pasito, munogi 0s pe-
2eHepamopis 3 WiNbHOI0 2paAHyIb08AHOI0 HACAOKOI. NOPO3HICMb, 2YCMUHA, NUMOMA MENI0¢E-
MHicmb, egheKmueHa menionpogioHicms ma NUMoma nosepxusa yacmurox. Ompumani pe3yib-
mamu Hageoeno y 8u2isdi 0808uMipHux memnepamypHux nonie T(x,t) i Tg(x,t), npoginie mem-
nepamypu wiapy i 2a3y 6300894 KAHANY O XAPAKMEPHUX MOMEHMI8 4acy, a maKo#c KPUBUX
3MIHU memnepamypu 8 okpemux nepepisax. Ilokazano, wo 8 aepooucnepcHitl cucmemi «nogi-
Mpsi — WITbHULL Wap 2pasiioy opmyemovcs supasdceHutl (ppoHm HazpieaHus, AKULU NOCMYNo8o
nepemiugyemucs 8i0 6XiOHOI OLIAHKU KAHATY 00 8UX0OY 8 MIDY 0XOJI00NHCEHHS 2A308020 NOMOKY
ma HAKONUYeHHs: MenIomu 2paHyib08aHum wapom. Ompumani 3aKOHOMIPHOCII 00380110Mb
enubule inmepnpemyeamu Qizuxy menionepeHecents 6 aepooUcnepCHUX CUCMeMax 3 WilbHo
HACAOKOI0 Ma MOXCYMb OYMuU 8UKOPUCAHT Ol ONMUMI3AYL] 2e0MeMPUYHUX [ PEHCUMHUX Na-
pamempie IPYHMOBUX Pe2eHepamopia i IHUUX pe2eHepamueHUxX meni00OMIHHUKIS 13 2PAHYIbO-
BAHUMU WADAMU.

Knrwouosi crosa: 2azosuii nomik, wilbHUll 2paHyIb08aAHULL WAp, 2pasiil, IPYHMOBUL peceHe-
pamop, memnepamypme noje, menjionepeHecents, 060KOMNoHeHmHua mooens, Matlab.
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