
Citation: Huang, T.; Wang, M.; Feng,

S.; Peng, Z.; Huang, X.; Song, Y. Study

on the Coupled Heat Transfer of

Conduction, Convection, and

Radiation in Foam Concrete Based on

a Microstructure Numerical Model.

Buildings 2024, 14, 1287. https://

doi.org/10.3390/buildings14051287

Academic Editor: Sufen Dong

Received: 26 March 2024

Revised: 23 April 2024

Accepted: 29 April 2024

Published: 2 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Study on the Coupled Heat Transfer of Conduction, Convection,
and Radiation in Foam Concrete Based on a Microstructure
Numerical Model
Tao Huang 1,2,*, Mengge Wang 1,2, Shuang Feng 1,2, Zhongqi Peng 1,2, Xiaoyu Huang 3 and Yaohua Song 4

1 School of Engineering, Architecture and the Environment, Hubei University of Technology,
Wuhan 430086, China; 102100762@hbut.edu.cn (M.W.); 102110888@hbut.edu.cn (S.F.);
102110878@hbut.edu.cn (Z.P.)

2 Key Laboratory of Intelligent Health Perception and Ecological Restoration of Rivers and Lakes,
Ministry of Education, Hubei University of Technology, Wuhan 430086, China

3 School of Civil, Environmental Engineering and Geography Science, Ningbo University,
Ningbo 315211, China; huangxiaoyu202203@163.com

4 Faculty of Science, The University of New South Wales, Sydney, NSW 2052, Australia;
z5494314@ad.unsw.edu.au

* Correspondence: httcmwh@hbut.edu.cn

Abstract: Foam concrete is a typical cement-based porous material; its special microstructure endows
it with excellent properties, such as light weight, energy efficiency, thermal insulation, and fire resis-
tance. Therefore, it is widely used as a thermal insulation material for buildings. The heat transfer
modes of foam concrete include conduction, convection, and radiation. However, previous studies
considered conduction to be the dominant mode, often neglecting the effects of convection and radia-
tion. In this study, a stochastic numerical model of the foam concrete microstructure is established
based on the statistical parameters of the pore structure. With this model, the heat transfer mechanism
of foam concrete is analyzed at the mesoscopic level, and the equivalent thermal conductivity is
calculated. By comparing four different working conditions, the influence of conduction, convection,
and radiation on the heat transfer of foam concrete is analyzed, and the specific contribution rates of
conduction, convection, and radiation are calculated. The results show that the convection effect is
weak due to the pore size being smaller than 1 mm; so, the influence of convection can be neglected in
the heat transfer analysis of foam concrete. The contribution of radiation increases with the decrease
in foam concrete density and the increase in temperature difference. When the temperature difference
is 40 ◦C and the density is 300 kg/m3, the contribution of radiation exceeds 20%. Therefore, for
low-density and high-temperature difference situations, the influence of radiation cannot be ignored.
The heat transfer in foam concrete is mainly through conduction, but with the decrease in density
and the increase in temperature difference, the contribution of conduction shows a downward trend.
Nevertheless, the contribution of conduction is still much larger than that of radiation and convection.

Keywords: foam concrete; microstructure; coupled heat transfer; equivalent thermal conductivity

1. Introduction

With the rapid development of the economy and society, the issue of energy consump-
tion is becoming increasingly severe. In 2021, the energy consumption of the construction
and operation of buildings in China accounted for about 31% of the total energy con-
sumption [1–4]. Currently, using insulation materials in buildings is a widely adopted
solution [5,6]. Expanded polystyrene (EPS) and polyurethanes (PUs) are common insu-
lation materials for achieving energy savings in buildings due to their excellent thermal
insulation properties, light weight, and unique waterproof performance [7,8]. However,
despite their many advantages, these polymer foams have poor resistance to high tem-
peratures and poor fire safety. Fires caused by organic insulation materials have resulted
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in huge economic losses and numerous casualties [9–11]. In contrast, incombustible inor-
ganic insulation materials exhibit commendable fire resistance and have broad application
prospects in the field of thermal insulation. Among inorganic insulation materials, foam
concrete is a thermal insulation material that contains a large number of honeycomb-like
pores, formed by the mixing of pre-fabricated foam with cement slurry [4]. Due to its
large number of closed honeycomb structures, foam concrete has low self-weight, excellent
thermal insulation, and excellent fire resistance compared to traditional concrete, making
it a promising insulation material [12,13]. The macroscopic properties of cementitious
materials are closely related to their microstructures. V. Ducman et al. detected changes in
porosity in systematic foams by X-CT tomography to assess the effect on their macroscopic
properties [14]. Behnam Mobaraki et al. proposed an algorithm for an observability analysis
of two-dimensional cellular structures, which provides a new approach for applications
in characterizing concrete structures [15]. Studies on the preparation of foam concrete
have shown that its density grade ranges from 300 to −1700 kg/m3 and that its porosity is
between 0.1 and 0.9 [16–20]. The effect of fly ash and silica fume admixture on compressive
strength and thermal conductivity of foam concrete was investigated by H. Süleyman
Gökçe et al. [21]. Ehsan Hosseinzadehfard and Behnam Mobaraki presented the effect
of partial substitution of natural volcanic ash for micro silica clay on the strength and
durability of concrete, and their study provides a practical method for designing concrete
applications at a significantly reduced cost [22]. Foam concrete has a broad application
prospect. Currently, it has been widely used in roof insulation, road base layers, building
partitions, and foundation compensation, among other areas. Amritha Raj et al. produced
foam concrete insulation boards using cement, straw, and fly ash as raw materials, and
numerically simulated the thermal insulation performance of insulated external walls using
COMSOL software [23]. Zening Li et al. considered the uncertainty of sunlight and used
building thermodynamics to analyze the comfortable temperature range of buildings [24].

The prediction of the effective thermal conductivity of porous materials is a traditional
problem, and various models have been developed to determine the thermal conductivity
of porous materials in the design of building thermal insulation performance. These
models can be divided into three categories: (1) analytical models obtained by solving
two-dimensional or three-dimensional Laplace heat conduction equations, (2) empirical
correlation models, and (3) numerical simulation models [25].

Classic analytical models have general applicability, but they simplify the structure and
mathematical assumptions to some extent. For example, one assumption of the Maxwell–
Eucken model is that the dispersed phase exists independently within the continuous phase,
which means there is no interaction between the dispersed phase and the components [26].
The EMPT model assumes that all the components are completely randomly distributed
and that any component can form a continuous thermal conduction path, depending on
its volume fraction [27–29]. These analytical models are based on idealized structures;
consequently, their wide applicability to real engineering porous media is limited.

Empirical correlations are based on the curve fitting of experimental data for several
types of porous materials using empirical constants; therefore, their accuracy is closely
related to the experimenter’s technical methods or the precision of the testing equipment.
The analyses of some of the theoretical and empirical models for predicting thermal conduc-
tivity that have been proposed in the literature suggest that idealized analytical models may
not be suitable for low-density porous materials and could lead to incorrect predictions;
the energy transfer process in porous materials is more complex, and the assumption that
conduction is the only mode of energy transfer is not applicable to porous materials under
all conditions.

In recent years, the finite element analysis method based on equation space discretiza-
tion has been widely used by researchers in solving mathematical models [30–32]. A
vast amount of the literature on the thermal analysis of porous materials indicates that
numerical analysis is a feasible approach for the prediction of the thermal conductivity of
porous materials [33–36]. R. Coquard et al. calculated the effective thermal conductivity of
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heterogeneous porous materials using the numerical finite volume method [37]. Sharma
employed the finite element simulation method to study the steady-state heat transfer of
composite materials and predicted the effective thermal conductivity of polyhedral and
spherical inclusions [30]. Miled et al. derived various analytical forms of effective thermal
conductivity based on a homogenization scheme and obtained numerical results using
three-dimensional finite element method (FEM) simulations on ideal foam concrete [38].

As the main mechanism of heat transfer is thermal conduction, most studies currently
focus on the description of thermophysical properties generated by conductive transmis-
sion [39,40]. Some of the studies have found that the underestimation of the equivalent
thermal conductivity may be due to the neglect of radiation, and related studies indicate
that the contribution of radiation accounts for 6–30% of the overall equivalent thermal
conductivity [37,39,41]. The literature is extensive, with very detailed numerical studies of
convective and radiative coupled heat transfer in polymer foams. Sepehri et al. successfully
simulated the flow and heat transfer in open-cell metal foams using a pore-scale analysis
method and found that at high Reynolds numbers, the convective heat transfer mechanism
became more significant; they conclude that neglecting this mechanism would lead to
errors in the results [42]. Fan et al. established numerical models for open-cell foams of
different shapes based on computed tomography and Cinema 4D, solving the coupled heat
transfer energy equation. They studied the influence of pore shape on conductive–radiative
heat transfer behavior and provided a comprehensive approach to the investigation of
the conductive radiative coupled heat transfer in alumina foam [43]. Li et al. solved the
natural convection heat transfer problem in a closed cavity using the pure finite volume
method, the pure lattice Boltzmann method, and different lattice Boltzmann coupling
methods, respectively. By comparing the conclusions drawn from different methods, they
found that the coupling method was a reliable approach for solving natural convection
problems [44]. Wei et al. (2023) proposed a unified lattice Boltzmann model to solve the
radiative–conductive coupled heat transfer problem, and the applicability and accuracy of
the numerical model were verified through numerical examples [45]. In most cases, convec-
tive and radiative heat transfer is neglected because convection within pores is considered
negligible when the pore size is smaller than 4 mm, and radiation usually accounts for a
small proportion of the heat transfer of foam concrete [46–49]. Therefore, there has been no
numerical simulation of convective and radiative coupled heat transfer in foam concrete.
Although existing numerical models can consider the randomness and complexity of the
microstructure, they only address heat transfer problems under pure conduction. There is
limited involvement in the study of convective heat transfer and radiative coupled heat
transfer within pores, and no studies have been conducted on convective and radiative
heat transfer in foam concrete using real microstructures [50].

In summary, the current research on the heat transfer of foam concrete mainly focuses
on conduction, and less consideration is given to the effects of convection and radiation.
However, studies on other porous materials have shown that under certain conditions,
the contributions of convection and radiation to heat transfer cannot be ignored. To study
the coupled heat transfer mechanism of foam concrete, the organizational structure of this
study is as follows: Section 2 elaborates in detail on the mechanism of heat transfer in
foam concrete, listing the control equations for conduction, convection, and radiation heat
transfer. Section 3 describes the method for establishing a microstructural numerical model
and designs multiple working condition simulation schemes for different heat transfer
modes. Section 4 presents the research results, including model validation, the equivalent
thermal conductivity is calculated, the heat transfer rules of foam concrete under different
heat transfer modes are analyzed, and the contribution rates of conduction, convection,
and radiation to heat transfer are calculated. Finally, the main conclusions of this study are
outlined in Section 5.



Buildings 2024, 14, 1287 4 of 26

2. Heat Transfer Mechanism

Foam concrete can be regarded as a two-phase material composed of a hardened ce-
mentitious matrix and air; macroscopically, the inhomogeneous material can be considered
as a homogeneous medium [50]. Therefore, heat transfer in foam concrete includes thermal
conduction through the solid matrix, thermal conduction and convection in the gas-filled
pores, and thermal radiation between different parts of the material.

2.1. Thermal Conduction

The primary mode of heat transfer in foam concrete is thermal conduction, which
relies on the thermal motion of molecules to transfer heat energy without requiring relative
displacement between different parts of the object. Thermal conduction in foam concrete
includes both conduction between solid phases and conduction between gas phases. As-
suming that the material is isotropic, the governing equation for steady-state thermal
conduction is as follows [51]:

∇·q = Q (1)

where q is the heat flux
(
W/m2), Q is the internal heat source strength (J), and ∇ is the

Hamiltonian operator.
According to Fourier’s law:

q = −k∇T (2)

where k is the thermal conductivity of the material (W/mK), and T is the temperature field
function (K). Substituting (2) into (1) yields

−k∇2T = Q (3)

In the case where only thermal conduction is considered, both the solid-phase matrix
and the air in the pores of foam concrete satisfy Equation (3). At the interface between
the solid and gas phases (i.e., at the surface of the pores), the conditions of temperature
continuity and heat flux density continuity must be met, as follows{

Ts = Tg

ks
∂Ts
∂n = kg

∂Tg
∂n

(4)

where Ts and Tg represent the temperatures of the matrix and air (K), respectively, ks and
kg represent the thermal conductivities of the matrix and air (W/mK), respectively, and n
represents the outward normal to the boundary.

2.2. Thermal Convection

The pores of foam concrete are filled with air, and the flow and heat transfer of air fol-
low the three conservation laws of mass, momentum, and energy conservation. Assuming
that the air is an ideal gas and neglecting viscous heating and the work carried out by gas
pressure, the Navier Stokes equations for steady-state conditions can be expressed in the
following form [51].

Continuity equation
∇·(ρu) = 0 (5)

Momentum equation

ρu·∇u = −∇p +∇·µ
(
∇u + (∇u)T

)
− 2

3
∇(µ(∇·u)) + ρg + f (6)

Energy equation
ρcu·∇T − k∇2T = Q (7)

In the equations above, u is the air velocity vector (m/s), c is the specific heat capacity
of air at constant pressure (J/kgK), ρ is the air density

(
kg/m3), g is the acceleration due to
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gravity (kg), p is the air pressure (pa), µ is the dynamic viscosity of air (pa/s), and ρg and
f (N) are the gravitational and other external body forces, respectively. When the velocity
u in Equation (7) is set to zero, Equation (7) reduces to Equation (3); thus, Equation (7) can
uniformly describe the heat transfer characteristics of both the solid and gas phases.

The coupling of conduction and convection involves not only the coupling of the flow
field and temperature field but also the heat transfer coupling between the fluid and solid.

2.3. Thermal Radiation

Radiative heat transfer refers to the transfer of energy by objects through electromag-
netic waves. In foam concrete, there are many pores and heat exchange can occur between
pore surfaces through radiation. Assuming that the pore surfaces are opaque, diffuse gray
surfaces and that the air in the pores is absolutely transparent and does not participate in
radiative heat exchange, the heat flux density qγ(x) caused by radiation at the pore surfaces
satisfies the following integral equation [51]:

qγ(x)
γ(x) = eT4(x) +

∫
Γ

1−γ(y)
γ(y) qγ(y)ω∗(x, y)dΓ(y)

−
∫

Γ eT4(y)ω∗(x, y)dΓ(y), x, y ∈ Γ
(8)

In the equation, qγ(x) the heat flux density
(
W/m2), γ(x) represents the emissivity of

the pore surface, e is the blackbody radiation constant, ω∗(x, y) is the radiation view factor,
and Γ represents the area of the pore surface.

The coupled equation of thermal radiation and thermal conduction at the pore surface
can be expressed as follows:

−ks
∂Ts

∂n
= qγ(x) (9)

3. Numerical Model

To predict the effective thermal conductivity of foam concrete, most analytical models
consider the thermal conductivities and volume fractions of the matrix and pores as
important parameters, while neglecting the randomness of the pore size and distribution.
However, the impact of randomness on the thermal performance of foam concrete is a
subject that warrants further investigation.

In this study, based on the statistical laws of pore size in foam concrete, a random
numerical model of the foam concrete microstructure is constructed using a method that
randomly places a certain number of circular pores of a certain size within a given area. This
model is then imported into the finite element software COMSOL (6.0 Version, COMSOL
Inc., Stockholm, Sweden). By considering the coupling of different heat transfer modes,
assigning material parameters, and applying boundary conditions, a steady-state heat
transfer analysis is conducted on the model, and the model’s effective thermal conductivity
is calculated.

3.1. Pore Microstructure Modeling

To establish a numerical model of the foam concrete microstructure, the following
assumptions are made:

1. The pores in foam concrete are approximately circular in shape, and the pore size
approximately follows a log-normal distribution, whose probability density function
can be represented as follows [52]

fd(d; µ, σ) =
1

dσ
√

2π
e−

(ln d−µ)2

2σ2 , d > 0 (10)

2. The distribution of pores is random and uniform, meaning that any point in the
plane has an equal probability of becoming the center of a circle. Therefore, based
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on the uniform distribution function, the coordinates of the circle centers can be
randomly generated.

Under the aforementioned assumptions, the main modeling steps are as follows:

3. Generate a standard library of pore sizes. Based on the given statistical parameters of
pore size µ and σ, set the minimum pore size to dmin = eµ−3σ and the maximum pore
size to dmax = eµ+3σ to ensure that 99.7% of the pore sizes fall within this interval.
Within this interval, randomly generate m pore sizes using the log-normal distribution,
and store the generated pore sizes in descending order in an array D to form the
standard library of pore sizes.

4. Placement of pores. Sequentially take a pore size value from array D and, based on
the uniform distribution function, randomly generate the center coordinates of the
pore within the placement area. To simulate the phenomenon of pores overlapping
and merging with each other in foam concrete, define the overlap ratio δ: the ratio
of the overlapping area of two circles to the smaller of the two circle areas, which
represents the degree of merging between pores. When the overlap ratio between
a newly placed pore and an already successfully placed pore is greater than the set
value δ, the placement of that pore needs to be redone, i.e., the center coordinates of
the pore need to be regenerated, until the overlap ratio between that pore and other
pores is less than or equal to the set value δ.

5. Porosity calculation. As there is an overlap between pores, and the overlapping part
is random, the actual porosity of the model cannot be obtained through theoretical
calculations. In this study, the ‘lattice method’ is used to calculate the actual porosity
of the model more accurately. The placement area is divided into n equal-length,
equal-width rectangles. If the center of a rectangle is inside a circular pore (i.e., the
distance between the center of the rectangle and the center of the circle is less than
the radius of the circle), then the area of the rectangle is considered to be part of a
pore; otherwise, it is considered to be part of the matrix. The number of rectangles
considered to be part of the pores is counted and then divided by the total number of
rectangles n to obtain the actual porosity of the model ε′. Clearly, the more rectangles
the area is divided into, the more accurate the porosity calculation. If the difference
between the actual porosity ε′ and the desired porosity ε is less than a given error
limit, the model is considered satisfactory, and the modeling process is complete.
Otherwise, adjust the number of pores m, and start over from step 1, until the porosity
meets the requirements.

Implement random generation in MATLAB according to the aforementioned genera-
tion steps, with the process flowchart shown in Figure 1.

The numerical models of the microstructure of foam concrete with densities of 800 kg/m3

and 500 kg/m3 (the modeling pore parameters are derived from the experiments of
She [33]), which were generated according to the above method, are shown in Figure 2. In
the figure, the blue area represents the solid phase and the white area represents the gas
phase. The randomly generated microstructural numerical models are relatively close to
the actual pore structure in terms of morphology.

3.2. Boundary Conditions and Material Parameters

The generated numerical model of the foam concrete microstructure was imported
into the finite element software COMSOL (6.0 Version, COMSOL Inc., Stockholm, Sweden)
to simulate the steady-state heat transfer in a porous medium without internal heat sources,
as shown in Figure 3. Different temperature loads (Tcold, Thot) were applied to the top and
bottom of the specimen to create a temperature gradient, and heat flowed from the bottom
to the top of the specimen. The left and right sides of the specimen were in an adiabatic
state. The pores contained air, and the surfaces of the pores served as both walls for the air
flow and as surfaces for the thermal radiation.
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Figure 3. Boundary condition setting.

Using COMSOL (6.0 Version, COMSOL Inc., Stockholm, Sweden), simulations were
conducted for four different conditions (the details of the four conditions are provided in
Table 1). Steady-state heat transfer analysis was performed for these four conditions, and
the effective thermal conductivity of the specimen under each condition was calculated
using the following formula:

ki =
bQtot

a(Thot − Tcold)
(11)

Table 1. Table of specific conditions for COMSOL simulation.

Simulation
Conditions 1 2 3 4

Heat Transfer Modes Conduction Conduction, convection
coupling

Conduction, radiation
coupling

Conduction, convection,
and radiation coupling

Simplified
Equation Conditions

Neglecting air flow, the
base material’s thermal
conductivity is constant

Air is an ideal gas,
neglecting viscous heating
and work carried out by

gas pressure

The surface of the pore is a
diffuse gray surface that is
not transparent, and the
air inside the pore is an
absolutely transparent
medium that does not
participate in radiative

heat transfer

Simultaneously includes 2
and 3

COMSOL Physics Field
Selection Heat conduction in solids Conjugate heat transfer

(laminar)
Surface-to-surface

radiative heat transfer
Simultaneously includes 2

and 3

Main Parameters
Setting for Physics Field

Solid 1 is set as the base
material, solid 2 is set as
air, and different thermal
conductivity coefficients

are assigned

Air undergoes
compressible flow (Mach

number less than 0.3),
considering the effect of

gravity, and pressure point
constraints are set

Radiation properties are
independent of
wavelength; air

transmittance is 1; the
semi-cubic method is

selected as the radiation
calculation method; the

radiation resolution is set
to 256

Simultaneously includes 2
and 3

Field Variables Temperature T Temperature T; air flow
velocity u; air pressure p Temperature T Temperature T; air flow

velocity u; air pressure p
Temperature

Difference (◦, C)
40 40 40, 60, 80,

100, 120, 140 40

Formula (11) can be derived using Fourier’s law, where ki(i = 1, 2, 3, 4) represents the
effective thermal conductivity calculated under the ith condition (W/mK); a and b are the
length and width of the specimen (µm), respectively; and Qtot is the total heat flux at the
upper boundary of the specimen (J).

The simulation calculation flowchart is shown in Figure 4.
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Figure 4. Flowchart of multi-physics coupled calculation.

The material parameters required for the simulation of the four operating conditions
are listed in Table 2.

Table 2. Specific material parameters of COMSOL simulation.

Material
Parameter

Matrix
Thermal

Conductivity
ks(W/mK)

Surface
Emissivity γ

Air Thermal
Conductivity kg

(W/mK)

Specific Heat
Capacity of Air at

Constant
Pressure
c(J/kgK)

Aerodynamic
Viscosity

Coefficient
µ (pa·s)

Air Density
ρ(kg/m3)

Relation to field
variables Constant Constant Functions of

temperature
Functions of
temperature

Functions of
temperature

Function of
temperature
and pressure

Value 0.5 0.8
COMSOL Built-in

Material
Library Air

COMSOL Built-in
Material

Library Air

COMSOL Built-in
Material

Library Air

COMSOL Built-in
Material

Library Air

4. Results Analysis

The microstructure parameters of foam concrete and the measured equivalent ther-
mal conductivity values in this study are derived from the experiments conducted by
She et al. [39]. He systematically characterized the microstructure of foam concrete and
measured its equivalent thermal conductivity; the corresponding data are summarized in
Table 3. This study validates the established model and calculation methods based on these
experimental data and further investigates the heat transfer mechanism of foam concrete
using numerical methods.



Buildings 2024, 14, 1287 10 of 26

Table 3. Experimental data for foam concrete of different densities.

Number
Dry

Density
(kg/m3)

Porosity
(%)

Average
Pore Size
(mm)

Mean Value µ
(µm)

Standard
Deviation

σ(µm)

Thermal
Conductivity

(W/mK)

1 1700 12 0.104 5.259 0.457 0.423
2 1500 21.39 0.113 5.312 0.323 0.363
3 1300 35.5 0.122 5.347 0.544 0.282
4 1000 47.24 0.173 5.514 0.465 0.217
5 800 59 0.263 5.693 0.235 0.165
6 600 69.22 0.59 6.132 0.342 0.124
7 500 75.45 0.7 6.232 0.343 0.091
8 400 79.19 0.8 6.587 0.212 0.08
9 300 84.17 0.956 6.952 0.122 0.065

4.1. Model Validation

According to the microstructural parameters of foam concrete given in Table 3, a
numerical model of foam concrete with a density of 800 kg/m3 was established using the
method in this study, under the condition of an overlap ratio of δ = 0.2. Based on this,
the equivalent thermal conductivity of the model was calculated according to working
condition 1. Table 4 presents the results of three modeling and calculation iterations using
the same parameters. As can be seen in Table 3, due to randomness, the porosity and
calculated equivalent thermal conductivity of each modeling iteration are different, even
with the same parameters, but the difference between the actual porosity and the expected
porosity is very small. The equivalent thermal conductivity calculated in the three iterations
is also relatively close to the results calculated in the literature [39], with a minimum error
of 0 and a maximum error of 4.7%, but there is a 20% error compared to the measured
values. To reduce the impact of random errors, the average value of the results from the
three models is taken as the equivalent thermal conductivity of foam concrete under this
parameter in the subsequent investigations in this study.

Table 4. COMSOL calculation results.

Number
Model

Porosity
(%)

k1
(W/mK)

Average of
k1(W/mK)

Calculated
Value from
Literature

[39]

Experimental
Value from
Literature

[39]

1 58.93 0.1322
0.13172 59.06 0.1346 0.1346 0.165

3 58.99 0.1283

To further verify the effectiveness of the method proposed in this study and to analyze
the impact of the overlap ratio, numerical models of foam concrete with different densities
were established based on the data in Table 2 for overlap ratios δ =0.1, 0.2, and 0.4,
respectively. The equivalent thermal conductivities of each model were then calculated
according to working condition 1, and the calculated results were compared with the
measured values and predicted values from other major analysis models. The results are
shown in Figure 5.

From Figure 5, it can be seen that both the experimental values and the numerical
simulation results of this study generally fall between the Maxwell–Eucken 1 model and
the EMPT model, with the Maxwell–Eucken 1 model’s predictions significantly deviating
from the actual values. Regardless of the model, the equivalent thermal conductivity
significantly decreases with increasing porosity. This is because as the porosity increases,
the proportion of the gas phase, which has a lower thermal conductivity, also increases,
thus reducing the overall thermal conductivity. At the same porosity, as the overlap ratio
δ increases, the numerical simulation results of this study tend to decrease and approach
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the EMPT model. This may be due to the increased overlap ratio causing more gas pores
to merge, thereby reducing the solid phase conduction paths and lowering the equivalent
thermal conductivity. The simulation results of this study are consistently lower than
the experimental values; one possible reason is that condition 1 only considered thermal
conduction and did not take into account thermal radiation and convection. When δ = 0.1,
the predictions of this study are always better than those of the EMPT model, close to the
predictions of the Maxwell–Eucken 1 model at low porosities, and better than the Maxwell–
Eucken 1 model at high porosities. However, when the porosity is between 30% and 70%,
the predictions of the Maxwell–Eucken 1 model are optimal. Overall, the microstructural
numerical model of this study is able to predict the equivalent thermal conductivity of
foam concrete well over a wider range of porosities.
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Figure 5. Comparison of COMSOL simulation results with experimental data and other
analytical models.

4.2. Conduction Heat Transfer Analysis

Under working condition 1, heat transfer analysis was performed on foam concrete
with different densities using the microstructural numerical model, and the equivalent
thermal conductivity k1 of the model was calculated and compared with the measured
thermal conductivity kex. The curve of the ratio k1/kex as a function of the density of foam
concrete is shown in Figure 6. It can be seen in the figure that the smaller the overlap ratio,
the larger the ratio and the smaller the error; the trends of the three curves are roughly
the same, with the ratio decreasing and then increasing as the density increases. When
the density is 600 kg/m3, the ratio is the smallest and the error is the largest. Relatively
speaking, at higher densities, the error in the model’s predicted values is smaller.

The equivalent thermal conductivity can reflect the overall heat transfer performance
of foam concrete, but it cannot reflect the details of heat transfer within foam concrete.
With the help of a microstructural numerical model, the heat transfer situation inside foam
concrete can be observed at the mesoscopic level.

Figure 7 shows the temperature contour maps and heat flux streamlines of foam
concrete with three different densities: 1700 kg/m3, 800 kg/m3, and 500 kg/m3. As can be
seen from the direction of the arrows in Figure 7, it can be seen that the heat flow tends
to conduct through the matrix phase with a higher thermal conductivity, while avoiding
conduction through the air phase with a lower thermal conductivity as much as possible.
However, as the density decreases and the porosity increases, or as the overlap ratio
increases and the number of interconnected pores increases, the optimal heat conduction
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paths in the solid phase are obstructed, forcing the heat flow to conduct more through the
gas phase. This also explains why the equivalent thermal conductivity of the foam concrete
microstructural numerical model decreases with the increasing porosity or overlap ratio.
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Figure 6. The ratio of the equivalent thermal conductivity k1 to the experimental value.
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Figure 7. Temperature distribution and heat flux trend diagrams of foam concrete with different
densities calculated using COMSOL simulation: (a) 1700 kg/m3, δ = 0.1; (b) 800 kg/m3, δ = 0.1;
(c) 500 kg/m3, δ = 0.1; (d) 1700 kg/m3, δ = 0.4; (e) 800 kg/m3, δ = 0.4; (f) 500 kg/m3, δ = 0.4.
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Figure 8 further shows the isotherms of foam concrete with three different densities. As
shown in the figure, regardless of the changes in density and overlap ratio, the isotherms
are generally horizontally distributed, and the intervals are roughly the same, but the
fluctuation amplitude of the isotherms varies to some extent. As the density decreases and
the porosity increases, or as the overlap ratio increases and the number of interconnected
pores increases, the fluctuation amplitude of the isotherms tends to increase, indicating that
the non-uniformity of the temperature distribution inside the foam concrete is increasing.
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In the conductive heat transfer analysis, the impact of the different overlap ratio
parameters on heat transfer was investigated. For simplicity, in the subsequent coupled
heat transfer analysis, only an overlap ratio of δ = 0.4 was considered for this study.

4.3. Conduction and Convection Coupled Heat Transfer Analysis

Taking foam concrete with densities of 800 kg/m3 and 500 kg/m3 as examples, and,
considering the coupling of conduction and convection, the heat transfer situation inside
the foam concrete was analyzed using a microstructure numerical model.

Figure 9 shows the isotherm diagram under the coupling of conduction and convection.
Compared with the isotherm in Figure 8e,f, which considers only conduction, it can be
seen that the difference in temperature distribution inside the foam concrete under the two
conditions is very small.

Figure 10 shows the velocity contour of the air in the pores of the foam concrete. It
can be seen in the figure that as the pore size increases, the velocity of the air in the pores
increases, but the absolute value of the velocity is small. When the density is 500 kg/m3,
the calculated Reynolds number Re ≈ 10−3 ≪ 1, which means that the viscous force is
much greater than the inertial force when the air flows and that the convective heat transfer
effect of the air is weak.
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Under the coupling of convection and conduction, the total heat flux equals the sum
of the conductive heat flux and the convective heat flux. Figure 11 shows the cloud of
the conductive heat flux and the convective heat flux in the foam concrete, respectively.
It can be observed in the figure that as the pore size increases, the convective heat flux
remains much smaller than the conductive heat flux, even though the convective heat flux
increases and the conductive heat flux decreases. This indicates that under condition 2, heat
transfer in foam concrete is dominated by conduction, with a relatively minor influence
from convection.

Figure 12 further presents the ratio of the equivalent thermal conductivity k2 under
condition 2 to the equivalent thermal conductivity k1 under condition 1 for foam concrete
with different densities. It can be seen in the figure that regardless of the change in density,
k2/k1 is always close to 1, indicating that the contribution of convective heat transfer in
actual foam concrete is very small. This is due to the pore size of foam concrete being less
than 1 mm, which restricts the convective effect of the gas in the pores [40].
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Figure 12. The variation in the ratio of the equivalent thermal conductivity calculated under condition
2 to that calculated under condition 1 with the density of foam concrete.
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Related studies have shown that the influence of convective heat transfer needs to be
considered only when the pore size of the porous medium is greater than 4 mm. To further
verify this conclusion, numerical methods are used for simulation studies. For simplicity, it
is assumed that the standard deviation of the pore size and the overlap rate are both zero,
the porosity of the model is 50%, and the temperature difference between the upper and
lower edges is 40 ◦C. When the pore size changes, the equivalent thermal conductivity of
the model under condition 1 and condition 2 is calculated. The results are listed in Table 5.
It can be seen in the table that when the pore size is greater than 14 mm, the contribution of
the convective heat transfer significantly increases.

Table 5. Equivalent thermal conductivity for different pore sizes.

Pore Size 2 mm 4 mm 6 mm 8 mm 10 mm 12 mm 14 mm 16 mm

k1 0.1715 0.1667 0.1620 0.1759 0.1764 0.1690 0.1467 0.1158
k2 0.1739 0.1696 0.1634 0.1773 0.1778 0.1713 0.1563 0.1431

k1/k2 1.014 1.017 1.009 1.008 1.008 1.014 1.065 1.236

The air velocity in the models with pore sizes of 4 mm and 14 mm is shown in Figure 13
under condition 2. It can be seen in the figure that with the increase in pore size, the velocity
increases by two orders of magnitude. The isotherms of these two pore size models under
condition 1 and condition 2 are shown in Figure 14. It can be seen in the figure that when
the pore size is 4 mm, the isotherms under the two conditions are basically the same,
indicating that the convective effect is not significant. At this time, the calculated Reynolds
number Re ≈ 0.1 and the Rayleigh number Ra ≈ 20, while, when the pore size is 14 mm,
the isotherms of the matrix part under the two conditions are basically the same, but
the isotherms inside the pores are quite different: condition 2 shows more fluctuations
compared to condition 1; this is caused by the significant convective effect. At this time, the
calculated Reynolds number Re ≈ 22 and the Rayleigh number Ra ≈ 3000. The studies in
the literature [43] suggest that the convective effect becomes significant when the Rayleigh
number Ra is at least greater than 1000, which is consistent with the simulation results of
this study.
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4.4. Conduction and Radiation Coupled Heat Transfer Analysis

Taking foam concrete with densities of 800 kg/m3 and 500 kg/m3 as an example,
the heat transfer inside the foam concrete was analyzed using a microstructure numerical
model under condition 3. Figure 15 shows the contour maps of conductive heat flux and
radiative heat flux in foam concrete with a temperature difference of 40 ◦C. It can be seen in
the figure that as the density decreases and the pore size increases, the conductive heat flux
decreases while the radiative heat flux increases. The maximum value of the conductive
heat flux is approximately 103 times that of the maximum value of the radiative heat flux,
indicating that the radiative heat flux is still a small quantity compared to the conductive
heat flux. However, comparing Figure 11b with Figures 15b and 11d with Figure 15d, it can
be seen that under the same conditions, the maximum value of the radiative heat flux is
more than 10 times that of the maximum value of the convective heat flux, indicating that
the impact of radiation in foam concrete is higher than that of convection.

Figure 16 shows the ratio of the equivalent thermal conductivity k3 under condition 3
to the equivalent thermal conductivity k1 under condition 1 for foam concrete with different
densities at a temperature difference of 40 ◦C. It can be seen in the figure that k3/k1 increases
continuously as the density decreases. When the density is greater than 1000 kg/m3, k3/k1
is close to 1, indicating that the contribution of radiative heat transfer is not significant
for high-density foam concrete. However, when the density is less than 600 kg/m3, k3/k1
increases rapidly, indicating that the contribution of radiative heat transfer increases rapidly
at this point; thus, the impact of radiative heat transfer cannot be ignored for low-density
foam concrete.
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Figure 16. The variation in the ratio of the equivalent thermal conductivity calculated under condition
3 to that calculated under condition 1 with the density of foam concrete.

The Stefan–Boltzmann law states that the higher the temperature of an object, the
stronger its radiative ability, and the radiative ability of an object is directly proportional to
the fourth power of its temperature. Therefore, when analyzing the radiative heat transfer
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of foam concrete, the temperature difference is also a very important factor. Figure 17
further shows the radiative heat flux of foam concrete with densities of 800 kg/m3 and
500 kg/m3 under temperature differences of 80 ◦C and 120 ◦C, respectively. It can be seen
in the figure that as the temperature difference increases, the radiative heat flux in the foam
concrete significantly increases.
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Figure 17. Radiative heat flux clouds for foam concrete with densities of 500 kg/m3 and 800 kg/m3

under different temperature differences: (a) 800 kg/m3, ∆T = 80 ◦C; (b) 800 kg/m3, ∆T = 120 ◦C;
(c) 500 kg/m3, ∆T = 80 ◦C; (d) 500 kg/m3, ∆T = 120 ◦C.

Figure 18 further shows the curve of the equivalent thermal conductivity of foam
concrete as a function of the temperature difference. It can be seen in the figure that under
condition 1, the equivalent thermal conductivity k1 does not change with the temperature
difference, while under condition 3, the equivalent thermal conductivity k3 increases
with the increase in temperature difference, and k3 is approximately linearly related to
the temperature difference, with the slope increasing as the density of foam concrete
decreases. Chao Fan et al. [43] found a similar phenomenon as well. The equivalent
thermal conductivity k3 can be thought of as consisting of two parts: the first part is k1,
representing the thermal conductivity contributed by conduction, and k1/k3 represents
the proportion of the conduction contribution; the second part is k3 − k1, representing the
thermal conductivity contributed by radiation, and (k3 − k1)/k3 represents the proportion
of the radiation contribution. Under condition 3, the curves of the percentage contributions
of radiation and conduction as a function of the temperature difference are shown in
Figure 19. It can be seen in the figure that at the same density, the greater the temperature
difference, the greater the contribution of radiation, and the smaller the contribution of
conduction; at the same temperature difference, the smaller the density, the greater the
contribution of radiation and the smaller the contribution of conduction. Within the
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considered range of temperature differences, heat transfer in foam concrete is always
dominated by conduction.
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Figure 18. The influence of temperature difference on the equivalent thermal conductivity.
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Figure 19. The variation of radiation and conduction contribution ratios with temperature difference.

4.5. Conduction, Convection, and Radiation Coupled Heat Transfer Analysis

When the temperature difference is 40 ◦C, under condition 4, the cloud of con-
ductive heat flux, convective heat flux, and radiative heat flux for foam concrete with
densities of 800 kg/m3 and 500 kg/m3 are as presented in Figure 20. Compared with
conditions 2 and 3, there is no order of magnitude change in the size of the three types of
heat flux. Looking at the maximum values of the heat fluxes, the radiation is approximately
10 times that of the convection, and the conduction is approximately 10,000 times that of
the convection. The analysis of heat fluxes shows that in the heat transfer of foam concrete,
conduction plays a dominant role, the impact of convection is smaller, and the influence of
radiation is greater than that of convection.

For foam concrete with different densities and a temperature difference of 40 ◦C,
Figure 21 shows the curves of the ratio k4/k3 and the ratio k4/k2 as a function of density. It
can be seen in the figure that the value of k4/k3 is very close to 1, indicating that convection
has a small impact on the heat transfer of foam concrete. The trend of k4/k2 is basically
consistent with the trend of k3/k1 in Figure 16, indicating that radiation has a certain impact
on the heat transfer of foam concrete and that the lower the density of the foam concrete,
the greater the impact of radiative heat transfer.
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Figure 21. The variation in the ratio of the equivalent thermal conductivity calculated under condition
4 to that calculated under conditions 2 and 3 with the density of foam concrete.

To further analyze the contributions of conduction, convection, and radiation to the
heat transfer of foam concrete, the equivalent thermal conductivity k4 can be simply consid-
ered as consisting of three parts: the first part is k1, representing the thermal conductivity
contributed by conduction; the second part is k4 − k3, representing the thermal conductivity
contributed by convection; and the third part is k4 − k2, representing the thermal conduc-
tivity contributed by radiation. The curves of the ratio of each part to k4 as a function of
density are all plotted in Figure 22. It can be seen in the figure that regardless of the density
of foam concrete, the impact of convection is negligible; as the density decreases, the impact
of conduction shows a downward trend, while the impact of radiation shows an upward
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trend, and when the density is less than 1000 kg/m3, this change accelerates. When the
density is 300 kg/m3, the contribution of radiation exceeds 20%, while the contribution of
conduction is less than 80%, indicating that the impact of radiation on heat transfer cannot
be ignored for low-density foam concrete.
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Figure 22. The variation in conduction, convection, and radiation ratio with density.

When the temperature difference is 40 ◦C, the ratios of the equivalent thermal conduc-
tivity calculated for each condition to the experimental results are plotted as a function of
density, as shown in Figure 23. It can be seen in the figure that under condition 1 (consid-
ering only conduction), the simulation values are always smaller than the experimental
values, and the error in the simulation results is relatively small in the high-density range,
while it is relatively large in the medium and low-density range. As the impact of convec-
tive heat transfer in foam concrete is very small, the simulation results under condition 2
(coupling of conduction and convection) are close to those under condition 1, indicating
that considering convective heat transfer does not significantly reduce the simulation error.
Under condition 3 (coupling of conduction and radiation), due to the contribution of radia-
tive heat transfer, the equivalent thermal conductivity is increased compared to conditions
1 and 2, resulting in simulation results that are closer to the measured values, especially
for low-density foam concrete, where the impact of radiative heat transfer is greater and
the improvement in the simulation results is more pronounced. Condition 4 considers
conduction, convection, and radiation comprehensively, and the simulation results are
similar to those under condition 3 but closer to the measured values, especially for foam
concrete with densities of 400 kg/m3, 500 kg/m3, and 600 kg/m3, where the improvement
in the simulation results is more noticeable.

4.6. Potential Applications and Developments

This study proposed a method for simulating the heat transfer behavior of foam
concrete under multiple working conditions and analyzed the heat transfer patterns of
foam concrete under different modes of heat transfer. The limitation of the research method
in this study lies in the fact that the equivalent thermal conductivity of foam concrete
calculated by the two-dimensional numerical model is smaller than the experimental
results. This is because the two-dimensional model neglects the heat transfer path in the
third spatial direction. Therefore, the method for generating foam concrete microstructure
in this study can be extended to three-dimensional space to more accurately study the heat
transfer performance of foam concrete materials. On the other hand, building envelope
structures made of foam concrete can provide thermal insulation. Combining the thermal
performance of foam concrete external walls with the main building can improve the
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thermal insulation performance of the external walls, enhance the living comfort of the
building, and promote energy conservation and environmental protection, all of which are
of great significance.
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5. Conclusions

Based on the statistical parameters of the pore structure of foam concrete, this study
proposes a random numerical modeling method, uses this method to establish a microstruc-
ture numerical model of foam concrete, and analyzes the heat transfer mechanism of foam
concrete from a mesoscopic level with the help of this model. By comparing four different
conditions, the influence of conduction, convection, and radiation on the heat transfer of
foam concrete is analyzed, and the contribution rates of conduction, convection, and radia-
tion in the heat transfer of foam concrete are quantitatively analyzed using the equivalent
thermal conductivity.

From a mesoscopic scale, it was observed that as the porosity and overlap ratio increase,
the optimal conduction paths in the solid phase are blocked, the heat transfer distance
is extended, and the effective thermal conductivity of the foam concrete significantly
decreases. The impact of convection is negligible because the maximum pore size in
foam concrete is less than 1 mm, and the small space restricts the convection of gas. The
simulation study in this paper shows that a noticeable convective effect only appears in
foam concrete when the pore size is greater than 12 mm. The contribution of radiation is
related not only to the density (porosity) of the foam concrete but also to the temperature
difference. The lower the density, the greater the contribution of radiation. When the
density is 300 kg/m3, the contribution ratio of the radiation even exceeds 20%. On the other
hand, the greater the temperature difference, the greater the contribution of radiation. The
contribution of radiation is approximately linearly related to the temperature difference.

Conduction plays a dominant role in the heat transfer of foam concrete. For high-
density foam concrete (ρ ≥ 1000), due to the small pore size and low porosity, the impact
of convection and radiation is minimal, and the contribution of conduction is close to 100%.
However, as the density decreases, the contribution of conduction shows a decreasing
trend due to the gradually increasing impact of radiation. When the density is 300 kg/m3,
the contribution rate of conduction is below 80%. Despite this, conduction still holds an
absolute dominant position in the heat transfer of foam concrete.
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