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Nowadays, 3-D printing technology is very often applied in industry due to de-
sign cycles shortening and surface quality improvement when comparing to con-
ventional manufacturing technologies. In order to adapt 3-D printed materials as 
thermal barriers, it is necessary to determine its thermophysical properties. As 
far as thermal insulation is concerned, the lowest thermal conductivity is re-
quired and therefore the crucial parameter of the material is the porosity. This 
paper presents the results of experimental investigation of effective thermal con-
ductivity of thermal barriers with variable porosity fabricated by the fused fila-
ment fabrication technology. Also the numerical study was presented. The com-
mercial code - COMSOL multiphysics was used to model the coupled heat trans-
fer. The model was than validated by comparing the numerical and experimental 
results. For each sample the density and thermal conductivity were determined 
experimentally. The influence of the size and shape of the cell on the formation of 
free convection was investigated in particular. The effect of the conduction and 
radiation on temperature and velocity profiles within the enclosure has been ana-
lyzed. In addition, the dominant heat transfer mechanisms as a function of density 
have been identified. 

Key words: thermal insulation, rapid prototyping, heat transfer, 
thermal barrier, thermal conductivity 

Introduction  

The 3-D printing technologies have great potential nowadays. It allows the fabrica-

tion of various components, especially of complex shape. Rapid prototyping (RP) methods, 

also known as additive manufacturing (AM) technologies, have been known for about 30 

years and are currently competitive to traditional manufacturing processes to a certain extent. 

According to the ASTM Standard [1], AM is the process of joining materials to make objects 

from 3-D model data, usually layer upon layer [1, 2]. With the use of this technology it is pos-

sible to fabricate prototypes with minimum material consumption and satisfactory accuracy 

[3]. Therefore, AM technologies are promising in reducing production costs and time, while 

maintaining relatively high quality of final products [4] in comparison to traditional manufac-

turing. Another advantage of this technology is the wide range of materials which can be used 
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in production process, including metals, polymers and thermoplastics [1-3]. As far as thermo-

plastics are concerned, these materials are often applied in fused filament fabrication (FFF) 

method, which is one of the AM technologies. In the FFF method, thin layers of molten ther-

moplastic material (filament) are pushed through the movable, heated extrusion nozzle and 

placed alternately on the print surface to form a final prototype [4-9]. The material used as 

filament is heated up barely above the melting temperature. The process is fully computer 

controlled. The FFF is suitable for fabrication of low-cost, piece-production parts due to pro-

cess simplicity and inexpensive equipment. However, parts fabricated with the use of FFF 

often suffers from print defects and surface inequality, e. g. curvature, warpage, shrinkage [7] 

etc., which may be caused by inexact adherence of applied layers of material. Consequently, 

the final part is often non-hermetic and the structure is non-uniform [3, 9, 10]. Therefore, the 

studies show that mechanical properties of printed components have been investigated in par-

ticular [7, 9, 11, 12]. 

Elements fabricated with the use of 3-D printing technology are mostly applied in 

medicine, aerospace, automotive, industry, etc., however the new field of application was 

found in thermal insulation systems, where materials of low thermal conductivity are required 

(about 0.1 W/mK). It was found that the polylactic acid (PLA) exhibits suitable thermal prop-

erties among the materials used in RP technology. The PLA belongs to a group of biopoly-

mers and it is biodegradable aliphatic polyester produced from renewable sources [7, 13, 14]. 

The PLA has a wide range of applications due to its organic origin and biocompatible proper-

ties [3]. In the field of 3-D printing, PLA-based composites are more often applied rather than 

pure materials.  

Although the applicability of this material in thermal protection systems was not es-

pecially studied, Trhlikova et al. [15] investigated the influence of PLA additives on thermal 

characteristics of the material. The following thermal parameters were investigated: thermal 

conductivity, thermal diffusivity, and specific heat. The samples of investigated materials 

were fabricated using the FFF method. It was found that the thermal conductivity of all sam-

ples decreased with time and the additives affected the thermal characteristics. 

The application of PLA composite material as thermal insulation in buildings was 

presented in [16], where the thermal conductivity of PLA-bamboo composite was investigat-

ed. In addition the effect of the porosity and the density of material on thermal conductivity 

was examined. The analysis showed that the average thermal conductivity of the composite 

was in the range of 0.2 W/mK, what is suitable range in thermal insulation systems.  

Morgan et al. [17] investigated emissivity of additively manufactured materials us-

ing reflectivity meter. The emissivity of common 3-D printing materials such as ABS and 

PLA reached the average approximate value of 0.92. 

According to the remaining properties of PLA, Jonoobi et al. [18] investigated me-

chanical properties of normal and reinforced PLA. The normal PLA tensile modulus was 2.9 

GPa, tensile strength was 58.9 MPa, and maximum strain 3.4%.  

Drumright et al. [19] also studied mechanical properties of PLA. Authors obtained 

following properties: density 1210 kg/m
3
, tensile strength 53 MPa, tensile yield strength 60 

MPa, tensile modulus 3.5 GPa, and tensile elongation 2.5-6%. Farah et al. [20] collected 

physical and mechanical properties of PLA. Thermal conductivity in 48 °C was 0.111 W/mK 

and specific heat in 55 °C was 1590 J/kgK.  

The analysis of heat transfer in insulation materials are of great interest due to its 

complexity, what have been investigated by many authors previously. At elevated temperature 

the following modes of heat transfer can be distinguished: conduction, radiation, and convec-
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tion. Each mechanism contributes in different extent to total heat transfer performance, what 

is sometimes difficult to establish. More detailed information can be found in [21].  

This work presents the experimental investigation of thermal conductivity, density, 

and emissivity of 3-D printed PLA samples. The heat-flow was simulated to identify heat 

transfer mechanisms (conduction, convection, or radiation) that can occur for specified densi-

ty. Also the influence of the material orientation on the possibility of free convection was in-

vestigated. 

Experimental set-up 

Thermal conductivity measurement: Measurement of thermal conductivity was con-

ducted on Unitherm 2022 equipment, figs. 1(a) and 1(b). The 2022 model is a fully automated 

device and it is used for measuring the thermal conductivity of such materials like metals, 

ceramics, polymers, composites, glass, rubber, and thin specimens like paper products or plas-

tic films. Thermal conductivity is measured according to ASTM E1530 guarded heat-flow 

meter method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The test section is presented in fig. 1(b). A sample of the investigated material is 

held under a reproducible compressive load between two polished metal surfaces, each con-

trolled at a different temperature. The lower contact surface is a part of a calibrated heat flux 

sensor. As heat-flows from the upper surface through the sample to the lower surface, an axial 

temperature gradient is established in the stack. By measuring the temperature difference 

across the sample (between the upper and the lower plate surfaces in contact with the speci-

men) along with the output from the heat flux meter, thermal conductivity of the sample can 

be determined when its thickness is known. Unitherm 2022 is used to measure the thermal 

conductivity in the range of 0.1-40 W/mK
 
and in the temperature range of 10-300 °C. The 

sample of the tested material has a shape of a cylinder with an external diameter of 50.8 mm 

and a height depending on the expected thermal conductivity and the better insulating proper-

ties of the material, the minor thickness of the material. In order to minimize thermal contact 

resistance, thermal grease is applied on the surface of the plates. For each sample three meas-

urements of thermal conductivity were made. Each measurement was carried out after dis-

mantling and re-mounting of the sample in the test section. The thermal conductivity was per-

formed for the sample average temperature T = 40 °C and a temperature drop on the sample 

was ΔT = 50 °C. The pressure exerted on the sample was about 172 kPa. Uncertainity of the 

thermal conductivity measurement was 8.4% [22]. The laboratory room, in which the meas-

Figure 1. Experimental set-up (a) test section (b); 1 – PC, 2 – controller, 
3 – test section, 4 – circulation bath, 5 – guard heater, 6 – top heater, 
7 – upper plate, 8 – sample, 9 – lower plate, 10 – reference calorimeter, 
11 – bottom heater, 12 – heat sink 
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urements were conducted, was air conditioned and a constant temperature and relative humid-

ity of 20 °C and 50%, respectively, were maintained. 

Density measurement PLA density measurements were made by measuring the mass 

and volume of the investigated sample. Mass measurements were made by using the RAD-

WAG XA 210/Y balance with a resolution of 0.01 mg and a maximum measuring range of 

210 g. Volumetric measurements were made by measuring the diameter and height of the 

sample with the use of a micrometer with 0.01 mm resolution. The samples are non-isotropic, 

therefore measured density should be treated as an average value. Density measurement was 

carried out at ambient temperature. Uncertainity of the density measurement was 1.1% [22]. 

Emissivity measurement PLA emissivity measurements were made by printing the 

flat round PLA sample with 0.2 mm thickness and diameter of 100 mm. The sample was at-

tached to the flat electric heater and the surface temperature was measured with calibrated 

contact thermometer (small flat thermocouple). The sample surface emissivity was estimated 

by infrared camera FLIR P640 with the spectral range of the detector 8-14 μm. The emissivity 

of blue PLA was ε = 0.96. 

Samples Samples were designed in CAM program and next prepared by FFF RP 

method. The Wanhao Duplicator i3 3-D printer with MK10 single-head extruder was used for 

the production of samples. The working area of the device is 200 × 200 × 180 mm. Nine sam-

ples with variable internal air cells were fabricated. Each sample had the shape of a disk with 

an outer diameter of d = 50.8 mm and a total height of t = 10 mm (figs. 2 and 3.). The accura-

cy of the sample geometrical dimensions was better than ±0.4 mm. 

The samples were closed by exter-

nal surfaces. Inside each sample there 

were perpendicular walls forming cuboid-

al air cells. Each air cell had the same 

height of 8.4 mm but different base di-

mensions, for example sample 8 × 8 had 

air cell with dimensions 8 × 8 × 8.4 mm. 

Additionally, the solid sample and empty 

sample were tested. The empty sample 

had only external walls. Both walls (in-

ternal and external) had the thickness of 

0.8 mm, fig. 3. With the change of the 

cell size, the average density of the sam-

ple varied from ρ = 273 kg/m for empty 

sample to ρ = 1150 kg/m
 
for the solid 

one. The technological parameters of the 

RP method were: the temperature of the 

nozzle was 195 °C, the temperature of the bed was 50 °C, the filament diameter was 1.75 mm, 

the layer thickness was set at 0.2 mm, and the printing speed was 15 mm/s. The time of print-

ing of 8 × 8 sample was about one hour, while the solid sample was printed about five hours. 

Numerical modeling 

Numerical simulation has been used to investigate heat transfer mechanism in the 

tested materials. In the present case, combined process of heat conduction in solid body, sur-

face radiation, and natural convection in air cavity was determined using commercial software 

COMSOL Multiphysics version 5.2. The computational domain included single hexahedral 

Figure 2. Cross-section of PLA samples with different 
cell: (a) 8 × 8, (b) 5 × 5, (c) 3 × 3 

Figure 3. The dimensions of the samples in [mm] 
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cell, see fig. 4 (a). The sample consisted of the air-filled cavity and the solid body. The four 

external vertical walls of the computational domain are perfectly insulated, while the two hor-

izontal walls (upper and lower) are maintained at two different temperatures Th and Tc, re-

spectively, where Th > Tc, see fig. 4 (b). It was assumed that the problem is 3-D and steady-

state. The air-filled cavity is incompressible, energy dissipation function is negligible and 

there are no internal heat sources. All of the solid body and fluid properties remained constant 

at average temperature, T0, except for the density of the air, whose variation with the tempera-

ture is allowed in the buoyancy term. In addition, the temperature difference in the flow do-

main is small enough to justify the use of the Boussinesq approximation. Thus, buoyancy 

effects are studied due to the gravity effect. The inner surfaces, in contact with the air, are as-

sumed to be gray and diffuse and they transfer heat via radiation. The emissivity of the inter-

nal walls in the enclosure is held constant and the absorptivity is equal to the emissivity by 

Kirchoff’s law. 

The governing equations are: 

– continuity equation for a 3-D steady incompressible flow: 

       (1) 

– momentum equation for 3-D steady laminar, incompressible flow: 

 

                  (2) 
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Figure 4. The cell mesh (a), co-ordinate system (b); 1 – cell surface, 2 – air inside cell, 
3 – adiabatic wall,  4 – PLA sample 
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The buoyancy force was modeled by using Boussinesq approximation [23]: 

       (3) 

where 

       (4) 

Energy equation for fluid: 

       (5) 

Energy equation for solid: 

         (6) 

On the basis of energy balance and Fourier law for solid-fluid interface, the heat flux 

density can be described: 

        (7) 

where n denotes the normal direction to the surface, k0 [Wm
–1

K
–1]  the air thermal conduc-

tivity, ks [Wm
–1

K
–1

]  the PLA thermal conductivity. 

The determination of the radiative flux requires the knowledge of the surface tem-

perature. The equation of the thermal balance of each surface provides to these temperatures. 

Thus, the assumption that the solid surfaces are in thermal equilibrium, leads to equation: 

      (8) 

where qR [Wm
–2

] is the net radiative flux density. 

The net radiative flux for a diffuse-gray and opaque internal cavity surface Ai can be 

expressed: 

          (9) 

               (10) 

where Ji is the radiosity of the surface Ai , Fij – the view factor, and Ebi – the blackbody radia-

tion. 
Combining (9) it is possible to determine the radiosity Ji from equation: 

            (11) 

and then the net radiative flux density qR from eq. (9). 
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Mesh geometry The computational domain was meshed by hexahedral, quadrilateral, 

edge and vertex elements with smooth transition to avoid rapid changes in mesh density. To 

attain the grid independency, the effective thermal conductivity was tested with T = 50 °C, 
T0 = 40 °C for different mesh sizes. The results are listed in tab. 1. It was found that the varia-

tion of the effective thermal conductivity among all mesh sizes was not significant. 

Boundary conditions Numerical simulation was carried out in steady-state condi-

tions. The air was the working fluid inside the cell. Boundary conditions are presented in fig. 

4(b). The upper isothermal wall with higher temperature Th `= idem and lower isothermal wall 

at a lower temperature Tc = idem was assumed in order to enforce the heat-flow. 

An adiabatic condition on the other external walls was assumed: 

0
T T

x y

 
 

 
               (12) 

Also no-slip condtion was assumed at all internal surfaces of the cavity: 

0u v w                    (13) 

All of the internal surfaces 

exchanged heat by radiation. Due 

to the free convection that can 

occur inside the cell, the influence 

of the gravity force was studied. 

The direction of the heat-flow has 

been taken once in line, opposite 

and transversely to the gravity 

force, sees fig. 5. 

Experimental results 

The results of experimental 

investigations of the effective 

thermal conductivity, emissivity and density are presented in this section. Figure 6(a) shows 

the average sample density for different cell dimensions. The density of solid material was ρ = 

1150 kg/m
3
, while for empty sample the density was ρ = 237 kg/m

3
. By using the RP method 

it is possible to reduce the density by almost five times with respect to the solid material, see 

fig. 6(a). The empty sample, except low density, is characterized by high susceptibility to de-

struction, even under low pressure load due to the lack of ribs inside the material. 

Table 1. The effective thermal conductivity for different mesh sizes 

ρ [kgm–3] Cell size [mm] t [mm] No. of elements ke [Wm–1K–1] 

192 200 × 200 10 12544 0.095 

222 40 × 40 10 6400 0.099 

322 10 × 10 10 6480 0.114 

192 200 × 200 10 14400 0.095 

222 40 × 40 10 11520 0.099 

322 10 × 10 10 8800 0.114 

192 200 × 200 10 23120 0.095 

222 40 × 40 10 14872 0.098 

322 10 × 10 10 14976 0.114 

Figure 5. The heat-flow direction in relation to the gravity 

force; (a) heat-flow down, (b) heat-flow up, and 
(c) heat-flow to the side 
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Figure 6(b) shows the effective thermal conductivity, ke, for different cell dimen-

sions. The highest value of effective thermal conductivity was denoted for solid material 

ksolid = 0.22 W/mK. With density reduction, the thermal conductivity decreased, reaching a 

local minimum for 5 × 5 cell, where the thermal conductivity is about 30% less than for the sol-

id material (ke = 0.153 W/mK). For samples of smaller cell dimensions, the effective thermal 

conductivity is stabilized at approximate value ke ≈ 0.16 W/mK. Figure 7 (a) presents the com-

parison of thermal conductivity of typical polymer materials at ambient temperature. The PLA 

has thermal conductivity similar to such materials like: PVC, PMMA, and PP. The relatively 

low value of thermal conductivity allows qualifying PLA to the group of insulating materials. 

The emissivity of typical plastics is presented in fig. 7(b). It can be seen that major 

polymer-based materials have similar emissivity of about 0.9. The measured emissivity of 

blue PLA was 0.96. 

Numerical results 

A comparison of the effective thermal conductivity for different heat-flow directions 

is presented in fig. 8(a). As can be seen, there are negligibly small differences between effec-

Figure 6. The average density (a) effective thermal conductivity (b) of the investigated samples 

Figure 7. Comparison of typical thermal conductivity (a) [24-26] and average emissivity (b) [27] of 

common polimers in ambient temperature 
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tive thermal conductivity for different heat-flow directions, except the area: 200 <  < 400 

kg/m
3
. It means that the influence of the heat-flow direction has negligible effect on effective 

thermal conductivity. Furthermore, the results of experimental measurements and numerical 

simulations of the effective thermal conductivity for down heat-flow direction are convergent. 

In this case convection, conduction, and radiation play significant role in heat trans-

fer and effective thermal conductivity of PLA depends on these heat transfer modes. There-

fore, fig. 8(b) shows the percentage contribution of each heat transfer mode. As can be seen, 

with density decrease, the contribution of heat conduction drops significantly, while the con-

vection and radiation increase. Due to high emissivity of PLA, the impact of radiative heat 

transfer on the effective thermal conductivity is significant, particularly for small densities. 

In turn, fig. 9 presents the influence of heat transfer mechanism on thermal conduc-

tivity ratio ke/ksolid. In order to reduce radiant heat transfer in the cavity, highly reflective coat-

ings can be used. In this way, an insulating material with a relatively low effective thermal 

conductivity can be obtained. Figures 10-12 present the general outline of the flow for differ-

ent cell height to width ratio, i. e. aspect ratio of the cells. For high value of the aspect ratio, 

fig. 10, the flow increases in magnitude near the center of the upper and lower wall. The zone 

Figure 8. The comparison of effective thermal conductivity of PLA samples (a), the part of heat 

transfer mechanism in effective heat conduction for heat-flow to the side (b) 

Figure 9. The comparison of thermal 

conductivity ratio ke/ksolid-heat-flow down 

Figure 10. Velocity field inside the cell, 

heat-flow down, value in [mms–1] 
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of velocity magnitude increase shifts to the center of the cell at lower aspect ratio, fig. 11. In 

turn, for low aspect ratio, fig. 12, the flow increases near the corners of the cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

This work presents the experimental results 

of the effective thermal conductivity of PLA and 

numerical investigation of combined process of 

heat conduction in solid body, surface radiation, 

and natural convection. Validation of the numerical 

results was made on the basis of experimental in-

vestigation of the effective thermal conductivity. 

The predicted effective thermal conductivity of the 

PLA from the numerical simulations was compared with the experimental results. A satisfac-

tory agreement between the experimental and numerical results was achieved. A numerical 

study of combined laminar natural convection, conduction and surface radiation heat transfer 

in a cavity showed that the convection and radiation heat losses played significant role in heat 

transfer performance. The results of the simulation showed that the radiative heat transfer con-

tribution along the surfaces is the dominant heat transfer mode for low density of the sample. In 

addition, the effect of the sample orientation on heat transfer in a cavity was also investigated. 

The heat-flow direction does not significantly affect the effective thermal conductivity. 

Nomenclature

c0 – air specific heat, [Jkg–1K–1] 
d – diameter, [m] 
g – acceleration of gravity, [ms–2] 
k – thermal conductivity, [Wm–1K–1] 
ke – effective thermal conductivity, 

[Wm–1K–1] 
ksolid – solid thermal conductivity [Wm–1K–1] 
t – height, [m] 
T – sample average temperature, [°C] 
ΔT – temperature drop on the sample, [°C] 
Tc – temperature of the lower isothermal 

wall, [°C] 

Th – temperature of the upper isothermal 
wall, [°C] 

T0 – average temperature, [°C] 

Greek symbols 

ε – emissivity, [–] 
ρ – density, [kgm–3] 

Subscripts 

s – solid 
o – fluid 

Figure 11. Velocity field inside the cell, 

heat-flow down, value in [mms–1] 

Figure 12. Velocity field inside the cell, 

heat-flow down, value in [mms–1] 
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Acronyms 

ABS – acrylonitrile butadiene styrene  
AM – additive manufacturing 
FFF – fused filament fabrication 
HDPR – high-density polyethylene 
LDPE – low-density polyethylene 

PLA – polylactic acid 
PMMA – polymethyl methacrylate 
PP – polypropylene 
PS – polystyrene 
PTFE – polytetrafluoroethylene 
PVC – polyvinyl chloride  
RP – rapid prototyping
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