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Abstract: The formation of local areas in large buildings with regulated thermal conditions is an
urgent task. The use of gas infrared heaters for this purpose raises questions on the utility of an
air-exchange system and the monitoring of the combustion product concentration. In this study,
the modeling of heat transfer processes on premises with a gas infrared heater and an air-exchange
system was conducted. The carbon dioxide concentration in the local working area when using a
light-type gas infrared heater was determined. The regularities of current formation for circulating
air and combustion products on the premises at various air-exchange rates were analyzed. The
profiles of CO2 temperatures and concentrations in the local working areas on the left and right of the
equipment model are shown. The article makes a conclusion about the influence of air velocity from
the air-exchange system based on average values of carbon dioxide concentration on the premises
and in the local working area. The possibility of increasing the temperature in the local working area
without exceeding the permissible CO2 concentrations (less than 1000 ppm) has been identified. The
formulated approach allows us to predict the available modes of the air-exchange system to create the
highest possible comfort heating parameters while maintaining an acceptable degree of air pollution
from combustion products.

Keywords: gas infrared heater; air-exchange system; local working areas; fields of temperatures; field
CO2 concentrations

1. Introduction

The use of gas infrared heaters (GIHs) has a number of advantages over traditional
heating systems [1,2]. One of the main benefits lies in the possibility of creating local thermal
areas in large industrial premises [3–5]. The creation of such areas is most expedient with
the help of light-type GIHs [4,6]. They have a higher power (compared to dark-type
ones [4,6]), which is reached through open gas combustion. However, such combustion
leads to combustion product emissions (mainly CO2) into the environment. For this reason,
the air-exchange system’s operation is required during light-type GIH use [7–9]. When
creating thermal areas for a worker, it is advisable to maintain regulated thermal conditions
(microclimate) [10–13]. Therefore, parameters such as temperature, air velocity movement,
and air composition should be varied within the specified limits. According to standards,
the time-weighted average CO2 in the air composition for premises where people are
located should not exceed 1000 ppm (Table 1) [10–13].

Modern methods for calculating gas concentrations in premises and maintaining
specified air parameters are mostly based on balance models [10,14,15]. Here, the gas is
considered to be evenly distributed on the premises. The CO2 concentration is measured by
sensors installed in arbitrarily selected zones. Based on the data obtained, the mode of air-
exchange system operation is controlled, and the regulated air composition is maintained.
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Table 1. Indoor air quality classification (EN 13779:2007, GOST 30494-2011) [10–13].

Class
Indoor Air Quality

Acceptable CO2 Level *, ppm
Optimal Permissible

1 High 400 and less

2 Average 400–600

3 Permissible 600–1000

4 Low 1000 and more
* Allowable CO2 content in the room is taken over the CO2 content in the outdoor air outside the room, ppm.

However, recent studies have shown that CO2 concentrations in the local working
area on premises with an operating air-exchange system may not correspond to the average
concentrations of pollutants [14,15]. The spatial distribution of carbon dioxide on industrial
premises is influenced by many factors: the heat load distribution, the number and location
of air inlet and outlet ducts of air-exchange systems, the flow rate and temperature of
the supply air, and the location of the CO2 emission source [16,17]. For example, it was
experimentally established that the heat load distribution has a significant effect on the
CO2 distribution in the room [17]. The heated surface intensifies the air movement around
it. As a result, the carbon dioxide concentration in this local area decreases. This effect
has also been confirmed in numerical simulations [18]. It was found that the heated
surface intensified the mixing of air in the local area while reducing the value of the CO2
concentration by 4.5%. At the same time, the efficiency of air circulation increases by 26.9%.

Heated surfaces in the local working area can significantly affect thermal and concen-
tration fields during the joint operation of open-type gas infrared heaters (CO2 source) and
the air-exchange system [19]. It is also important to mention the established effect of the
additional air heating of the local working area [20]. This effect occurs due to the influx
of heat released by the GIH case into the air layers around it and their movement into
the local working area during air-exchange system operation. It has been experimentally
proven that the flow of “fresh” air from the air-exchange system, flowing around the heater
case, entrains the gaseous combustion products coming from the GIH burners [20]. As a
result, the air-exchange system supplies a mixture of “fresh” air and combustion products
to the local working area. This can significantly worsen the air quality in this area. In
case of increasing cold airflow from the air-exchange system, the air temperature in the
local working area will be significantly reduced. In this regard, it is relevant to analyze the
composition of the mixture of gases entering the local working area due to the operation of
the gas infrared heater and the air-exchange system.

It Is also reasonable to control t”e airflow in the air-exchange system in order to
minimize the gas combustion products influx into the local working area and achieve the
maximum possible (within the limits) air temperature in this area. At the same time, the
concentration of CO2 in it will change. However, the analysis and assessment of such
changes have not been carried out yet.

The aim of this work was to perform a theoretical analysis of the effect of air-exchange
system operation on the thermal conditions and carbon dioxide concentrations in the
local working area when using a light-type GIH for the formation of regulated thermal
conditions of local working areas.

2. Mathematical Statement of the Problem and Solution Method

Mathematical modeling was carried out within the framework of a two-dimensional
approximation for the system shown in Figure 1. A closed rectangular area filled with air
was considered, and there was a gas infrared heater (1) and a horizontal panel (simulating
equipment) (2) placed in it.
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Figure 1. Problem solution area: 1—GIH, 2—panel, 3—air inlet area, 4—air outlet area.

The analysis area also contains the inlet and outlet ducts of the air-exchange system
(3 and 4), with the coordinates of the lower left corner XVENT left, YVENT left and XVENT right,
YVENT right. The mathematical model of the considered process involves the creation of the
following geometric sets:

1. Total premises volume AΣ V .

AΣ V =
{
(x, y)

∣∣∣−Lwall ≤ x ≤ Lx + Lwall ,−L f loor ≤ y ≤ Ly + Lceiling,

}
;

2. Internal premises volume AΣV in.

AΣV in =
{
(x, y)

∣∣0 ≤ x ≤ Lx, 0 ≤ y ≤ Ly
}

;

3. Exterior surfaces of the premises AΣF out.

AΣF out =

(x, y)

∣∣∣∣∣∣∣∣
x = −Lwall , −L f loor ≤ y ≤ Ly + Lceiling

x = Lx + Lwall , −L f loor ≤ y ≤ Ly + Lceiling
−Lwall ≤ x ≤ Lx + Lwall, y = −L f loor

−Lwall ≤ x ≤ Lx + Lwall , y = Ly + Lceiling

;

4. Interior surfaces of the premises AΣF in.

AΣF in =

(x, y)

∣∣∣∣∣∣∣∣
x = 0, 0 ≤ y ≤ Ly

x = Lx, 0 ≤ y ≤ Ly
0 ≤ x ≤ Lx, y = 0

0 ≤ x ≤ Lx, y = Ly

;

5. Volume of GIH AGIH V .

AGIH V =

{
(x, y)

∣∣∣∣XGIH − LxGIH
2

≤ x ≤ XGIH +
LxGIH

2
, YGIH ≤ y ≤ YGIH + LyGIH

}
;
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6. Total GIH surface AGIH F.

AGIH F =

(x, y)

∣∣∣∣∣∣∣∣∣
x = XGIH − LxGIH

2 , YGIH ≤ y ≤ YGIH + LyGIH
x = XGIH + LxGIH

2 , YGIH ≤ y ≤ YGIH + LyGIH
XGIH − LxGIH

2 ≤ x ≤ XGIH + LxGIH
2 , y = YGIH + LyGIH

XGIH − LxGIH
2 ≤ x ≤ XGIH + LxGIH

2 , y = YGIH

;

7. Volume of the horizontal panel (table) ATb V .

ATb V =

{
(x, y)

∣∣∣∣XTb −
LxTb

2
≤ x ≤ XTb +

LxTb
2

, YTb − LyTb ≤ y ≤ YTb

}
;

8. Total surface of the horizontal panel (table) ATb F.

ATb F =

(x, y)

∣∣∣∣∣∣∣∣∣
x = XTb − LxTb

2 , YTb −
LyTb

2 ≤ y ≤ YTb

x = XTb +
LxTb

2 , YTb −
LyTb

2 ≤ y ≤ YTb

XTb − LxTb
2 ≤ x ≤ XTb +

LxTb
2 , y = YTb − LyTb

XTb − LxTb
2 ≤ x ≤ XTb +

LxTb
2 , y = YTb

;

9. Volume of the air ducts AVENT V .

AVENT V =

{
(x, y)

∣∣∣∣∣ XVENTle f t ≤ x ≤ XVENTle f t +
LxVENT

2 , YVENTle f t ≤ y ≤ YVENTle f t + LyVENT
XVENTright ≤ x ≤ XVENTright +

LxVENT
2 , YVENTright ≤ y ≤ YVENTright + LyVENT

}
;

10. Exterior surface of air ducts AVENT F.

AVENT F =


(x, y)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

XVENTle f t ≤ x ≤ XVENTle f t + LxVENT , y = YVENTle f t
XVENTle f t ≤ x ≤ XVENTle f t + LxVENT , y = YVENTle f t + LyVENT

x = XVENTle f t, YVENTle f t ≤ y ≤ YVVENTle f t + LyVENT
x = XVENTle f t + LxVENT , YVENTle f t ≤ y ≤ YVVENTle f t + LyVENT

XVENTright ≤ x ≤ XVENTright + LxVENT , y = YVENTright
XVENTright ≤ x ≤ XVENTright + LxVENT , y = YVENTright + LyVENT

x = XVENTright, YVENTrigh ≤ y ≤ YVENTrigh + LyVENT
x = XVENTrigh + LxVENT , YVENTrigh ≤ y ≤ YVENTrigh + LyVENT


.

Inlet and outlet duct areas AVENT F in and AVENT F out.
The convective–conductive heat transfer within the assumed physical model was

described by the energy equation [21]:

ρcP
∂T
∂τ

+ ρcP

(→
u ·∇

)
T = ∇·(λ·∇T), (1)

(x, y) ∈ AΣ V\AGIH V\AVENT V

where τ, ρ, T, cP, λ—time, density, temperature, specific isobaric heat and thermal conduc-
tivity, respectively.

The velocity vector field
→
u was determined from the solution of the system of equations

of motion and the continuity of an incompressible gas in the Boussinesq approximation [22]:

ρ
∂
→
u

∂τ
+ ρ
(→

u ·∇
)→

u = ∇·
[
−p

→
I +

→
K
]
+ (ρ − ρ0)

→
g , (2)

ρ
∂
→
u

∂τ
+∇·

(
ρ
→
u
)
= 0, (3)

(x, y) ∈ AΣ V in\ATb V\AGIH V\AVENT V .
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where p,
→
I —pressure and unit tensor symbol; ρ0,

→
g —initial density and gravitational

acceleration;
→
K = (µ+ µT)

[
∇·→u +

(
∇·→u

)T
]
− 2

3 (µ+ µT)
(
∇·→u

)→
I − 2

3 ρk
→
I —viscous friction stress

tensor with allowance for the turbulent component (“T” index), µ—dynamic viscosity
coefficient.

The “k-ε” model was used for modeling the turbulent airflow. The turbulence kinetic
energy (k) and dissipation rate (ε) are described by the equations [23,24]:

ρ
∂k
∂τ

+ ρ
(→

u ·∇
)

k = ∇·
[(

µ +
µT
σT

)
(∇·k)

]
+ Pk − ρε, (4)

ρ
∂ε

∂τ
+ ρ
(→

u ·∇
)

ε = ∇·
[(

µ +
µT
σε

)
(∇·k)ε

]
+ Cε1

ε

k
P

k
− Cε2ρ

ε2

k
, (5)

(x, y) ∈ AΣ V in\ATb V\AGIH V\AVENT V .

Solutions for Equations (4) and (5) were used to calculate µT = ρCµ
k2

ε . In Equations (4)

and (5), the operator had the form Pk = µT

[
∇·→u :

(
∇·→u +

(
∇·→u

)T
)
− 2

3

(
∇·→u

)2
]
−

2
3 ρk∇·→u . The values of the constants were taken according to the general theory [23,24]:

Cε1 = 1.44, Cε2 = 1.92, Cµ = 0.09, σk = 1, σε = 1.3

The generation of turbulence kinetic energy in the region under consideration is
concentrated in the area of significant temperature and velocity gradients. Such gradients
are localized in the area of forced air injection by the air-exchange system and a limited
volume above the GIH. This mechanism of turbulence generation is sufficiently correctly
described by the chosen model. As further calculations showed, the influence of turbulence
on the intensity of mass, momentum, and energy transfer is significant in these same areas.
Also, it has a slight effect on the temperature and concentration fields in the rest of the room,
even with significant variations in the parameters affecting the turbulent motion intensity.

Radiation fluxes were calculated using the zonal model [25,26], with a direct integra-
tion of fluxes between all components (“Surface-to-Surface Radiation”) of a closed system
of surfaces with angular coefficients determined within this system.

The carbon dioxide (CO2) supply was assumed to be carried out from the upper
boundary of the GIH. There was no pollution generation within the volume of the solution
region. Temperature gradients in the region of analysis were relatively small. Thermal
diffusion as a process of the second order of significance can be neglected. Fick’s Law was
used as a diffusion model for the binary “air-carbon dioxide” diffusion process. The main
equation for mass conservation in a non-conservative form, and additionally used relations
can be written as follows [21,27]:

ρ
∂ωi
∂τ

+ ρ
(→

u ·∇
)

ωi = −∇·ji, (6)

(x, y) ∈ AΣ V in\ATb V\AGIH V\AVENT V .

ji = −
(

ρD f
i ∇ωi + ρD f

i ωi
∇Mn

Mn
− jc,i

)
, (7)

Mn =

(
∑

i

ωi
Mi

)−1

, ωi·Mn = χi·Mi, (8)

jc,i = ρωi∑
k

Mi
Mk

D f
i ∇χk. (9)
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The system of Equations (6)–(9) was based on the mass and molar concentrations
(ωi, χi), molar masses (Mn) and binary diffusion coefficients (D f

i ). The dependence of the

diffusion coefficient D f
i on temperature was taken into account in the form:

D f
i = D f

i0

(
T
T0

)1.70
(10)

The values of temperatures T0, zero values of the air velocity components, and the
initial value of the mass fraction of CO2 over the entire area were taken as the initial
conditions:

T(0, x, y) = T0,
→
u (0, x, y) = 0, ωCO2(0, x, y) = ωCO20,

(x, y) ∈ AΣ V\AGIH V\AVENT V.

The temperature of the radiating surface of the GIH was set constant on its lower
surface for the entire operation time:

T(τ, x, y) = TGIH , τ > 0, XGIH − LxGIH
2

≤ x ≤ XGIH +
LxGIH

2
, y = YGIH .

During the limited time of GIH operation (work shift), the enclosing structures, as a
rule, do not have time to warm up over the entire thickness. Therefore, the conditions of the
adiabaticity at the outer boundaries of the solution area were used as boundary conditions
for Equation (1):

−→∇T(τ, x, y) = 0, τ > 0, (x, y) ∈ AΣ F out.

On the side surfaces of the GIH:

−→∇T(τ, x, y) = TF GIH , τ > 0,

(x, y) ∈
(

x = XGIH − LxGIH
2

, YGIH ≤ y ≤ YGIH + LyGIH

)
∪

∪
(

x = XGIH +
LxGIH

2
, YGIH ≤ y ≤ YGIH + LyGIH

)
.

Here, TF GIH is the temperature of the side surfaces of the GIH. Thermocouple mea-
surements show that the TF GIH value does not practically depend on the experimental con-
ditions. By the 20th minute of the GIH operation, it reaches the value TF GIH ∼= 47 ± 4 ◦C.

On the upper surface of the GIH:

−→∇T(τ, x, y) = − qF GIH
λ

, τ > 0,

(x, y) ∈
(

XGIH − LxGIH
2

≤ x ≤ XGIH +
LxGIH

2
, y = YGIH + LyGIH

)
.

Here, qF GIH—density of convective heat flux of combustion products. The qF_GIE
value was determined by the rated thermal power (QV GIHW), radiant efficiency (ηRad)
and the upper surface area of the GIH (FUp_GIH, m2) in accordance with the relationship:
qF GIH = (1 − ηRad)QV_GIH/FUp_GIH .

The density of the heat flux to the surface qsol was the sum of the density of the
conductive–convective heat flux to this surface qgas and the density of the radiative thermal
qrad from all radiating surfaces:

qsol = qgas + qrad,τ > 0, (x, y) ∈ AΣ F in ∪ ATb F.



Energies 2024, 17, 155 7 of 20

The no-slip conditions for the “gas-solid surface” interfaces were taken as the boundary
conditions for the system of Equations (2) and (3) [22–24].

→
u (τ, x, y) = 0, τ > 0,

(x, y) ∈ AΣ F in ∪ ATb F ∪ AGIH F ∪ AVENT F\AVENT F out\AVENT F in.

Since the viscous effects prevail over turbulent ones near solid surfaces, the method of
near-wall functions was used [22–24].

For the air inlet area (x, y) ∈ AVENT F out, the air velocity normal to the surface was
set, which can be determined by the mass flow rate, the duct area and the inflow air
temperature. For the air outlet area (x, y) ∈ AVENT F out, the pressure value was set equal
to the atmospheric pressure outside the premises.

It was assumed that air pollution with carbon dioxide occurred due to the combustible
gas burning and localizing on the upper GIH surface:

jCO2(τ, x, y) = jGIHCO2 , τ > 0,

(x, y) ∈
(

XGIH − LxGIH
2

≤ x ≤ XGIH +
LxGIH

2
, y = YGIH + LyGIH

)
.

Based on the heat release rate from the chemical reaction QV GIH and the net calorific
value of the fuel Q f uel (J/m3), the volumetric flow rate of combustible gas for the initial

temperature Tbeg was determined as V′
f uel =

(
QV GIH/Q f uel

)(
Tbeg/273

)
. The standard

fuel formula CγC HγH was used to calculate its molar mass M f uel = γC·12 + γH·1 and
mass fraction of carbon gC f uel = γC·12/M f uel . The density of the pollution mass flow was
calculated using the formula:

jGIH CO2 = V′
f uel ·

pbeg·M f uel

8314·Tbeg
·gC f uel ·

(
44
12

)
/FUp_GIH . (11)

It was assumed that the air coming from the air-exchange system into the premises
contains CO2 in an amount equal to the initial value ωCO20.

The no-flow condition was set for all other solid surfaces:

→
n ·jCO2(τ, x, y) = 0, τ > 0,

(x, y) ∈ AΣ F in ∪ ATb F ∪ AGIH F ∪ AVENT F\AVENT F out\AVENT F in,

(x, y) /∈
(

XGIH − LxGIH
2

≤ x ≤ XGIH +
LxGIH

2
, y = YGIH + LyGIH

)
,

where
→
n —unit normal vector to the surface.

The finite element method was chosen for solving the system of Equations (1)–(10)
with the corresponding initial and boundary conditions. The COMSOL Multiphysics
software environment with modules «The Heat Transfer in Fluids», «The Turbulent Flow» ,
«Transport of Concentrated Species» and «Surface-to-Surface Radiation» was used.

For a comparative analysis of changes in the average pollution of a room in mass
(gCO2 ) and volume (rCO2 ) fractions, it was assumed that:

1. Mass flows Gvent of the air-exchange system (inlet and outlet) were the same;
2. The air mass on the premises mroom was constant;
3. The mass carbon dioxide influx on the premises due to combustion did not change the

air mass on the premises. It was considered constant and determined by the following:
GGIH CO2 = jGIH CO2 ·FUp_GIH .
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Under these assumptions, the change in the CO2 mass on the premises can be described
by the following relationship:

mroom
dgCO2

dτ
= −Gvent

(
gCO2 − g0CO2

)
+ GGIH CO2 (12)

Solutions were obtained by the following transformations:

dgCO2

dτ
= − Gvent

mroom

[(
gCO2 − g0CO2

)
−

GGIH CO2

Gvent

]
,

θ =
(

gCO2 − g0CO2

)
−

GGIH CO2

Gvent
,

dgCO2

θ
= − Gvent

mroom
dτ =⇒ θ = θ0e−

Gvent
mroom τ , θ0 = −

GGIH CO2

Gvent
.

The Gvent
mroom

value has a clear physical meaning: Kr = Gvent
mroom

=
Air exchange rate

3600 .
The solution for gCO2 can be written as:

gCO2 = g0 CO2 +
GGIH CO2

Gvent
·
(

1 − e−Kr·τ
)

. (13)

A steady-state value of gCO2 max is reached at τ −→ ∞ :

gCO2 max = g0 CO2 +
GGIH CO2

Gvent
.

To determine rCO2 , the following relationship was used:

rCO2 =
gCO2

44
· 1

gCO2
44 +

(1−gCO2)
29

. (14)

The verification of the mathematical model of heat and mass transfer processes in a
room with a gas infrared heater (GIH) was conducted using previously obtained experi-
mental data. The experiments examined the thermal state and distribution of combustion
products of natural gas (propane) used in a gas infrared heater. The temperatures and con-
centrations of CO2, as well as the flow structure in local working areas of a large production
facility, were observed.

Experimental studies were carried out in a room with overall dimensions of
5 × 4.4 × 11 m (Figure 2) with an installed light-type GIH-5 of 5 kW nominal thermal power
(manufactured by the Sibshvank company, radiant efficiency ηRad = 0.57). An experimental
frame made of aluminum pipes with a diameter of 0.015 m with a plastic outer covering
was installed in the room. Such a covering allowed us to place a horizontal wood panel
(1.2 × 0.6 × 0.04 m) at different heights from the floor. The panel served as a model of
the equipment. The highly thermally conductive material and small diameter of the tubes
made it possible to neglect its effect on the generated thermal conditions in the room. The
initial temperature was set equal to 7 ◦C.

The computer, shut-off, and control equipment, as well as a gas cylinder, were located
outside the room to eliminate their influence on the thermal conditions of the temperature
recording area. The used supply and exhaust ventilation system had an airflow of 420 m3/h,
an air speed of 2.3 m/s at the outlet of the supply channel, and an air temperature of 7 ◦C.
The air ducts were located at a distance of 4 m from the floor (1 m above the GIH). The
supply air temperature was kept constant by the operation of the electric air heater. Twelve
chromel-alumel-type thermocouples with protection from re-radiation and an insulating
coating of PFA fluoropolymer (junction thickness 0.08 mm) were used for temperature
measurements. These thermocouples were placed in the local working area at various
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points in the zone of the GIH influence. The absolute error in temperature measurement
was ±0.2 ◦C. Changes in CO2 concentrations in the room and the local working area
were recorded by three infrared (NDIR) CO2 concentration-measurement sensors with a
measurement range from 400 to 5000 ppm and an absolute measurement error of ±50 ppm.
All the experiments under fixed conditions were carried out at least three times to ensure
the possibility of estimating random errors. The standard deviations and corresponding
coefficients of variation were calculated. The values of the latter for all experiments did not
exceed 4%.
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Figure 2. Scheme of the experimental box: 1—GIH; 2—horizontal panel (equipment model); 3—high-
speed video camera; 4—laser; 5—system of mirrors for converting the laser beam; 6, 7—openings
of the supply and exhaust ventilation system channels; 8, 9—sensors of temperature and CO2

concentrations, respectively.

Figure 3 presents the main results obtained during the experimental studies.
The experiments have shown that when the surface of the panel is heated, the speed

of the air above it increases and the main movement of air masses is directed upward
(Figure 3a,b). This is because an increase in the temperature of the panel surface and,
accordingly, the air around it (Figure 3c), leads to an increase in thermogravitational
forces and air movement velocity and determines its direction (Figure 3a,b). The CO2
concentration also increases both in the upper part of the room, where the combustion
products of natural gas rise, and in the local working area (Figure 3c). This effect is most
likely associated with the formation of a large-scale vortex in the room, which is formed
during the joint operation of the GIH and the supply and exhaust ventilation system.

Figure 4 shows the distribution of temperatures at the height of the room on the axis
of symmetry of the GIH influence zone and CO2 concentrations in the local working area,
established experimentally and numerically.

The deviation of the values of temperatures and CO2 concentrations obtained dur-
ing the modeling and experiments (Figure 4) does not exceed 10%. Therefore, it can be
concluded that the created mathematical model is applicable for the further research and as-
sessment of the influence of various parameters of the air-exchange system on the structure
of air movement and distribution of heat and carbon dioxide in the room.
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profile (b) at the height from the horizontal surface of the equipment in the central section, as well 
Figure 3. Fields of air movement vectors and speeds (a) above the surface of the equipment, speed
profile (b) at the height from the horizontal surface of the equipment in the central section, as well as
changes in air temperature (c) and CO2 concentration (d) in time at points z = 0.79 m (local working
area) and 3.6 m (upper area in the room at a distance of 0.8 m from the ceiling), y = 6.71 m; x = 3.5 m
after 60 min of GIH operation.
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Figure 4. Distributions of experimental and theoretical values of air temperatures along the Y
coordinate on the axis of symmetry GIH influence zone (a) and CO2 concentrations in the local
working area (z = 0.79 m, y = 6.71 m; x = 3.5 m) after 60 min of GIH operation (b).

3. Results

A premises with dimensions of 5 × 4.4 × 11 m was selected for modelling. This
premises corresponded to the real one, where experimental studies had been previously car-
ried out [28]. Within the framework of the two-dimensional approximation, a rectangular
area with dimensions Lx = 5 × Ly = 4.4 m, bounded by the floor, walls, and ceiling (enclosing
structures, Table 2) was considered. The wall thickness was Lwall = 0.1 m. Two horizon-
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tal structural elements (Figure 1) corresponded to the GIH (dimensions LxGIE = 0.4 m,
LyGIE = 0.05 m) and the equipment element—a horizontal panel (dimensions Lxtb = 0.6 m,
Lytb = 0.04 m).

Table 2. Thermophysical properties of building envelope materials and panels used in experi-
ments [26,29].

Object l,
m Material ρ,

kg m−3
c,

J kg−1 K−1
λ,

W K−1 m−1 ε

Floor, ceiling and walls 0.1 concrete 2500 840 1.55 0.95

Horizontal panel 0.02 pine 520 2300 0.15 0.4

The gas infrared heater had a power of QVGIH = 5 kW. Propane (C3H8) with a calorific
value Q f uel = 93, 370 kJ/m3 was used as the working gas [26,29]. The CO2 mass flow in
this case was 3.1547 × 10−5 kg/s.

The value of 7 ◦C was taken as the initial temperature of all analyzed areas. The
temperature of the incoming air from the air-exchange system was also 7 ◦C. The mass flow
rate of the inlet part of the air-exchange system vent was varied in a range from 0.02 to
2 kg/s (9.09 × 10−5 to 9.09 × 10−3 kg/(s × m3)).

The parameters from the COMSOL Multiphysics Materials Library were used as initial
values for the air thermal properties. The main thermophysical parameters of the enclosing
structures and the horizontal panel are presented in Table 2.

Previous studies showed that within 40–60 min from the start of a complex process of
the mutual influence of thermogravitational and forced convection, caused by the GIH and
air-exchange system operation, respectively, a stationary hydrodynamic picture of the air
masses movement and the corresponding temperature field can be mainly established [1,28].
As the value of the average temperature over the volume of the premises is reached, the
sufficiently intense changes in velocity and temperature ends. The average temperature
over the volume corresponds to approximately 87% of the maximum value of the aver-
age temperature over the volume [28], which characterizes the stationary distribution of
temperature fields. In this case, the representative fields of velocities and temperatures
topologically and practically cease to change with time. Only the magnitudes of the maxi-
mum and minimum values change insignificantly. Therefore, the results of calculating the
characteristics of processes by the time of 60 min are presented and analyzed below.

The fields of velocities, temperatures and mass concentrations of CO2, as well as their
distributions at the height of two vertical sections with coordinates x = 0.8 m (20 cm to the
left of the panel) and x = 2.4 m (to the right of the panel 20 cm) in the possible working
areas, are presented in Figures 5–14. In Figure 5, Figure 7, Figure 9, Figure 11 two white
squares are the input and output areas of the air exchange system and the single rectangle is
the radiator area (Figure 1). These areas are excluded from the simulation, and accordingly,
they are white in the figures (there are no values for them, and in the color palette it is
white color).

According to the standards, comfortable conditions are characterized not only by the
temperature values but also by minimum temperature differences in height from the floor
level to the upper limit of the local working area [10–13,30].

The flow pattern formed at the flow rate of blown air of 0.02 kg/s (9.09 × 10−5 kg/(s × m3))
(Figure 5) is a consequence of air movement due to the air-exchange system operation and
thermogravitational convection.

The results of numerical analysis (Figure 5) show that the cold air from the air inlet
duct of the air-exchange system deviates from the horizontal path downwards. When
flowing into the GIH, it is divided into two parts. Most of it deflects the upward flow of
hot combustion products to the right towards the outlet duct. Some of these products,
mixed with air from the air-exchange system and cooled near the right wall, move down.
Then, meeting with more heated surfaces of the floor and the horizontal panel surface, they
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form an upward flow. The second part of the air from the inlet part of the air-exchange
system goes around the GIH from below. In the opposite direction, an upward flow moves
from a heated horizontal surface of a panel that simulates the equipment. The interaction
of these flows forms three main recirculation zones in the central area along the height
of the premises. The currents flow clockwise on the left and right near the walls and
counterclockwise in the central part. As a result, carbon dioxide accumulates in the ceiling
area (mostly to the right of the GIH), then spreads, and, together with downward flows,
falls down. At the same time, the asymmetry of the horizontal panel location and the
ascending flows formed from it prevent the left flow with CO2 from reaching the floor.
On the right, the flow of CO2 reaches the floor and gradually increases the degree of air
pollution in the lower right corner of the region. Figure 6 shows the temperature and CO2
concentration profiles in local work areas to the left and right of the equipment model.
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Figure 5. Fields of temperatures (a), air velocities (b) and CO2 concentrations (c), formed by the
60th minute of the GIH operation at an airflow rate of 0.02 kg/s (9.09 × 10−5 kg/(s × m3)).

An increase in airflow up to 0.04 kg/s (18.2 × 10−5 kg/(s × m3)) changes the ratio
between the effect of forced and thermogravitational convection (Figure 7). In this case, the
air moves almost horizontally from the inlet to the outlet duct, and the air ascending from
the horizontal panel reaches the air inlet duct of the air-exchange system. Two recirculation
zones are formed in the area central to the height of the premises. Their formation is mainly
influenced by the descending flows of air cooled by the walls and the ascending warm
flow from the horizontal panel. Such a flow distribution increases the temperature and
concentration of CO2 in the central and left areas of the premises. As a result, it affects the
distribution of the temperatures and concentrations of CO2 at the height in the working
area to the left and right of the horizontal panel (Figure 8).
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Figure 7. Fields of temperatures (a), air velocities (b) and CO2 concentrations (c), formed by the
60th minute of the GIH operation at an airflow rate of 0.04 kg/s (18.2 × 10−5 kg/(s × m3)).

At the same time, the air temperature in the local area to the right of the table rises to
14 ◦C (3 degrees (27%), compared with Gvent = 0.02 kg/s (9.09 × 10−5 kg/(s × m3)). The
CO2 concentration also increases up to 870 ppm but does not exceed the acceptable value.
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A further increase in the flow rate of the injected air up to 0.07 kg/s (31.8 × 10−5 kg/(s × m3))
contributes to a significant increase in the recirculation flow intensity (Figure 9). This flow
accumulates warm air in the central area of the premises and leads to an increase in
temperature and carbon dioxide concentration in this part of the premises.
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Figure 8. Temperature profiles (a) and CO2 concentration (b) formed by the 60th minute of the GIH
operation at an airflow rate of 0.04 kg/s (13.6 × 10−5 kg/(s × m3)). II–IV—indoor air quality class
(Table 1).
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An analysis of the obtained results shows that a significant increase in the arrival of
a cold flow forms a pronounced recirculation flow along the enclosed structures, which
forms relatively narrow near-wall areas near the latter. Warm air from the GIH and the
horizontal panel accumulates in the peripheral part of the recirculation flow and gradually
fills its central part with an increase in the discharge flow rate. It should be noted that,
despite a sufficiently significant increase in air temperatures, air pollution in the working
areas remains below the permissible values.

The results of the numerical simulation also show that the distribution of air heated
from the GIH surface to the upper enclosing structure is hindered by a more intense flow
of cold air from the air-exchange system, which moves almost horizontally to the middle of
the study area.

In the section X > 3 m, the velocity of the airflow blown into the premises slows down
(Figure 9b) to 0.1 m/s. The colder air from the inlet of the air-exchange system pushes
down the heated layers of air (Figure 9a). As a result, warm air moves towards the right
building envelope below the outlet of the air-exchange system.

As a result, with an increase in airflow up to 0.07 kg/s (31.8 × 10−5 kg/(s × m3)),
the air temperature in the central part of the premises rises, although the injected air has
a significantly lower temperature than that in the working areas (Figure 10). But as a
consequence of such a circulation flow, CO2 also enters the local working area along with
the air heated from the GIH. The gas concentration increases to the right of the panel from
850 ppm to 1200 ppm (higher than the allowable one) (Figures 8b and 10b).
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Figure 10. Temperature profiles (a) and CO2 concentration (b) formed by the 60th minute of the
GIH operation at an airflow rate of 0.07 kg/s (31.8·10−5 kg/(s·m3)). II–IV—indoor air quality class
(Table 1).

The subsequent increase in the air circulation ratio (40.9 × 10−5 kg/(s × m3)) leads to
the division of the solution area into two main circulation zones (Figure 11), located almost
horizontally relative to each other.

The first zone is formed above the GIH. The blown air from the air-exchange system
flows at a sufficiently high speed to the outlet area, practically without interacting with the
air in the central part of the room. The second circulation zone is located below the inlet
and outlet ventilation holes (Figure 11b). The air heated from the GIH case circulates in the
lower part of the premises. The distribution of temperatures (Figure 12a) and concentrations
(Figure 12b) in the local working area increases.
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Figure 12. Temperature profiles (a) and CO2 concentration (b) formed by the 60th minute of the GIH
operation at an airflow rate of 0.09 kg/s (40.9 × 10−5 kg/(s × m3)). II–IV—indoor air quality class
(Table 1).

Figure 13 shows changes in the CO2 average concentration in the premises volume,
depending on the flow rate of the air-exchange system. The results were obtained on
the basis of solving balance Equations (13) and (14) (used in the calculation methods of
ventilation systems [5–8]).
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An analysis of the results showed that for fairly typical premises with a working GIH
and an air-exchange system, the standard concentrations for CO2 content in the air (no
more than 1000 ppm) are achieved at an airflow rate in the air-exchange system of at least
0.31 kg/s (Figure 13a). However, the excess of the limiting concentration of CO2 in the
premises volume is reached after 20–30 min at lower airflow rates.
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Figure 13. Dependence of the average CO2 concentration over the volume of the premises on the
airflow in the air-exchange system (a) at τ = 160 min and its change in time (b) at airflow rates in
the air-exchange system: 1—0.02 kg/s, 2—0.03 kg/s c, 3—0.04 kg/s, 4—0.05 kg/s, 5—0.08 kg/s,
6—0.1 kg/s, 7—0.2 kg/s, 8—0.3 kg/s.

At the same time, the simulation results (Figures 5–11) show that intensive air mixing
in the room does not occur during the joint operation of the gas infrared heater and the
air-exchange system (the main assumption in calculations using balance models). Zones
with significantly different CO2 concentrations are formed. Heated and carbon dioxide-
polluted air is mainly located in the upper part of the premises. The CO2 concentration
values remain within acceptable limits in the local working areas. It can be concluded that
when forming the thermal conditions in the local working area using a GIH, it is possible
to maintain the standard conditions for CO2 concentration with a lower consumption of air
from the air-exchange system. This is especially true if the formation of a thermal area is
required for a short time (from 30 min to 1.5 h). For example, according to the results of
numerical simulation (Figure 14), with an airflow rate of 0.04 kg/s, a worker can stay in the
local working area for quite a long time (about 120 min). However, according to balance
models calculations, this time is 20 min and below (six times less) (Figure 13b).

A significant increase in airflow in the air-exchange system leads to an intensification
of the air mass movement (mixing). In this case, both the temperature and the CO2
concentration in the local working areas increase. For the range of airflow rates from
0.05 to 0.6 kg/s, CO2 concentrations are above the critical level (from 1000 to 2000 ppm)
(Figure 12). With a further increase in airflow in the air-exchange system to 0.1 kg/s, the
temperature and CO2 concentration in the local working area increase to the maximum
(17 ◦C, 2000 ppm) (Figure 15). In the central part of the premises, an extensive circulation
vortex is formed, into which combustion products from the GIH enter, but a further increase
in the consumption of the air-exchange system leads to a decrease in both temperature (to
11–13 ◦C) and CO2 concentration (tends to the initial—400 ppm) in local working areas
(Figure 12b). This circumstance is a consequence of the increasing excess of the mass of
incoming air over the flow of hot combustion products coming from the gas infrared heater.
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Figure 15. Dependence of the height-average air temperature (a) and CO2 concentration (b) in local
working areas to the left (x = 0.8 m) and to the right (x = 2.4 m) of the table by 20 cm from the airflow
after 60 min of GIH operation.

The analysis of the numerical simulation results also showed that the necessary airflow
rate from the air-exchange system to create regulated conditions for CO2 concentration in
the air (less than 1000 ppm) lies in the ranges from 0.02 to 0.04 kg/s and from 0.6 kg/s
(Figure 15). The calculated air consumption according to the method based on balance
models is 0.31 kg/s (outside this range).

4. Conclusions

A theoretical analysis of the effect of air-exchange system operation on the thermal
conditions and carbon dioxide concentration of a local working area when using a light-
type GIH was carried out. The numerical study of the processes was carried out using the
COMSOL Multiphysics environment. Using the k-ε model made it possible to take into
account the influence of turbulent flow. Changing the turbulence model from within the
simulation environment range and its intensity parameters did not significantly affect the
temperature and concentration fields in a larger volume of the room. This is due to the fact
that the turbulence generation was localized in extremely limited volumes, positioned in
the zone of forced air inflow from the air-exchange system and above the GIH. Such a case
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can be well described by the k-ε turbulence model. It was established that two zones with
quite significantly different CO2 concentrations and air temperatures are formed during
GIH operation. The airflow in the air-exchange system significantly affects the formation of
such zones in the room. At low airflow rates up to 0.04 kg/s (18.2 × 10−5 kg/(s × m3)), a
zone of air heated and highly concentrated by carbon dioxide is formed in the upper part
of the room. It was found that with an airflow rate of 0.04 kg/s (13.6 × 10−5 kg/(s × m3)),
it is possible to direct some of the heated air to the local working area, increasing the air
temperature by 27% without the CO2 concentration exceeding the regulated value (less
than 1000 ppm).
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