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Abstract:Wood-fired ovens are mandatorily used to bake the Neapolitan pizza.
Unfortunately, they are still empirically operated. In this work, a pilot-scale
wood-fired oven was kept operating in quasi-steady-state conditions. Once the
combustion reaction of oak logs had been modeled, the composition of flue gas
measured, and the external oven wall and floor temperatures thermographi-
cally scanned, it was possible to check for the material and energy balances and,
thus, assess that the heat loss rates through flue gas and insulated oven chamber
were, respectively, equal to 46% and 26% of the energy supplied by burning fire-
wood. The enthalpy accumulation rate in the internal fire brick oven chamber
amounted to about 3.4 kW, this being adequate to keep not only the tempera-
tures of the oven vault and floor practically constant but also to bake one or two
pizzas at the same time. Such a rate was predicted by contemplating the simulta-
neous heat transfer mechanisms of radiation and convection between the oven
vault and floor surface areas. The efficacy of the semiempirical modeling devel-
oped herewas further tested by reconstructing quite accurately the time course of
water heating in aluminum trayswith a diameter near to that of a typicalNeapoli-
tan pizza. The heat flow from the oven vault to the water-containing tray was of
the radiative and convective types for about 73% and 15%, whereas the residual
12% was of the conductive type from the oven floor.

KEYWORDS
energy losses through flue gas and insulated oven chamber, energy supplied by wood com-
bustion, material and energy balances, pseudo-steady-state regime performance, thermal
efficiency, water heating test, wood-fired pizza oven

Practical Application: Despite wood-fired ovens are largely used in the restau-
rant and food service industry, their operation is highly dependent on the
operator’s ability. This study shows how the heat loss rates through flue gas and
insulated oven chamber can be assessed, and how the enthalpy accumulation
rate in the internal fire brick oven chamber can be predicted by accounting for the
simultaneous heat transfermechanisms of radiation and convection between the
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oven vault and floor surface areas. The efficacy of this semi-empirical modelling
was further checked for via some water heating tests.

1 INTRODUCTION

Neapolitan Pizza is a traditional specialty guaranteed by
the European Commission Regulation no. 97/2010 (EC,
2010), which is to be baked in wood-fired ovens only.
Such equipment is widely used in the restaurant and
food service industry all over the world. Nevertheless,
it has been very poorly studied so far (Igo et al., 2020;
Manhiça, 2014; Manhiça et al., 2012). In contrast, the
radiative and convective heat transfer mechanisms in
electric pizza ovens were used to describe their perfor-
mance in steady and unsteady operating conditions by
means of three-dimensional numericalmodels (Ciarmiello
& Morrone, 2016a, 2016b).
In previous work (Falciano et al., 2022), the operation

of a pilot-scale wood-fired pizza oven was characterized
from its start-up phase to its baking operation to provide
a basis for future modeling of novel pizza oven design.
When baking different white and tomato pizza products,
the average thermal efficiency was equal to 13% ± 4%
(Falciano et al., 2022).
The operation of a wood-fired oven accounts for four

interactive processes: combustion, heat, momentum, and
mass transfer. As firewood burns in a specific area of the
baking floor, releasing energy and forming the flame, air
naturally enters through the open entry door of the oven
and makes firewood burn, whereas the resulting flue gas
is discharged through the oven chimney. Heat transfer is
just one of such processes, and no exact solution can be
obtained unless four groups of equations, corresponding
to all these processes, are solved simultaneously. In par-
ticular, the basic unsteady-state energy equation of heat
transfer from the flame to the oven walls and floor must
include a mathematical model of heat transfer in the oven,
its solution generally being of the numerical type. Strictly
speaking, calculations for heat transfer involve semi-
theoretical approaches based on experience, especially
because certain parameters (i.e., thermal conductivity,
thermal diffusivity, diffusion coefficient, viscosity coeffi-
cient, and emissivity) are all determined by measurement,
during which an accurate relationship between these coef-
ficients and temperature or pressure is mostly unavailable.
Empirical methods also attribute uncertainty to one or
several factors, including the heat transfer coefficient
and thermal effective coefficient. There are zero-, one-,
two-, and three-dimensional models available for appli-
cation to oven heating calculation. In a zero-dimensional

model, all physical quantities within the furnace are uni-
form, and the results are averaged. This method is the
one most often used for engineering design (Zhang et al.,
2016). One-dimensional models are used to study changes
in the physical quantities along the axis (height) of the
furnace, where the physical quantity in the perpendic-
ular plane is uniform. This model has practical value
for engineering projects such as large-capacity boilers.
The two-dimensional model is mainly used for axisym-
metric cylindrical furnaces, such as vertical cyclone fur-
naces (Manhiça et al., 2012). The three-dimensional model
describes the furnace process (flow, temperature, chemical
species fields, etc.), using three-dimensional coordinates
(x, y, and z). In principle, only a three-dimensional model
can correctly describe the furnace process. In reality, all the
equations used so far for describing the furnace process
fail to obtain analytical solutions, and only the numeri-
cal methods can reach approximate solutions. Even for an
approximate solution, the computational burden is heavy;
slow or small-capacity computers are not up to the task.
The experience method was previously most applied to
zero-dimensional models due to a lack of adequate under-
standing of the furnace process and related mechanisms.
Currently, the semiempirical method is growing in pop-
ularity. This method is based on fundamental equations,
such as the thermal balance equation and radiative heat
transfer equation, as well as certain coefficients or factors
obtained through experimentation.
The main aim of this work was to develop a semiem-

pirical model of a wood-fired pizza oven operating in
quasi-steady-state conditions. To this end, the first goalwas
to check for the material and energy balances upon mod-
eling of the combustion reaction of oak logs, measuring
the composition of flue gas, and scanning the tempera-
tures of the external oven walls and floor via a thermal
imaging camera. The second goal was to estimate the
heat losses through flue gas and insulated oven cham-
ber so as to derive the enthalpy accumulation rate in the
internal fire brick oven chamber and attempt its mathe-
matical prediction. By analogy with the water boiling tests
used to evaluate the energy efficiency of domestic cook-
ing appliances (EC, 2010; Hager & Morawicki, 2013), the
third goal was to perform several water heating tests to
simulate the water heating profile via the heat transfer
mechanisms of radiation, convection, and conduction and,
thus, evaluate the net energy transferable to pizza during
baking.
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2038 SEMIEMPIRICAL MODELING

F IGURE 1 Picture of the wood-fired pizza oven used in this
work.

2 MATERIALS ANDMETHODS

2.1 Equipment

Figure 1 shows a picture of the pilot-scale wood-fired pizza
oven used in this work, which was described previously
(Falciano et al., 2022). The oven chamber was approxi-
mated to a cylinder, having an internal diameter (Di) and
height (Hi) of 90 and 20 cm, respectively, surmounted
by an oblate semi-ellipsoidal vault with a height equal to
Hi. Thus, the overall volume of the oven chamber was
estimated as

𝑉𝑂 =
𝜋

4
𝐷2

𝑖
𝐻𝑖 +

1

6
𝜋 𝐷2

𝑖
𝐻𝑖 =

5

12
𝜋 𝐷2

𝑖
𝐻𝑖 = 0.212m3 (1)

The pizza oven had a semicircular open mouth, its
radius being equal to 22 cm. Through its area (SOM), 1 kg
of seasoned oak logs every 20 min was fed. Such logs had
an average weight, length, diameter, and moisture and ash
contents equal to 600 ± 200 g, 250 ± 20 mm, 40 ± 10 mm,
and 5.67 ± 0.17 and 2.9% ± 0.7% (w/w), respectively.
As woodfire was burning, the hot combustion flue gas

was naturally drawn up and out of the chimney having
an internal diameter of 20 cm, whereas ambient air was
sucked inside through the open mouth. Its temperature
and relative humidity (RH)weremeasured using a temper-
ature and humidity Mini TH datalogger (XS Instruments,
Carpi, MO, Italy). The overall lateral surface area of the
internal oven chamber is equal to the lateral surface area of
the cylinder mentioned above minus the oven mouth sur-

F IGURE 2 Schematic of the wood-fired oven showing the
positions of the burning wood logs and sample to be baked, as well
the temperatures of input air (TAi), exit flue gas (TFG), oven floor
(TFL) and vault (TV), and baking sample (TS).

face area (SOM) plus the lateral surface area of the oblate
semi-ellipsoidal vault, the latter being approximated using
the following Knud Thomsen formula:

𝑆SE = 2 𝜋

[
(𝑎 𝑏)

𝑝
+ (𝑎 𝑐)

𝑝
+ (𝑏 𝑐)

𝑝

3

]1∕𝑝
(2)

where a, b, and c are the semiaxes of the ellipsoid, and p
(≈1.6075) is an empirical exponent yielding a relative error
of at most 1.06%. As in this specific case, a = b = Di/2
and c = Hi, the overall lateral surface of the oven chamber
was

𝑆OC = 𝜋 𝐷𝑖 𝐻𝑖 − 𝑆OM

+ 2𝜋

[
(𝐷𝑖∕2)

2𝑝
+ 2 (𝐷𝑖 𝐻𝑖∕2)

𝑝

3

]1∕𝑝

= 1.331m2 (3)

Finally, the surface area of the baking floor was

𝑆FL =
𝜋

4
𝐷2
𝑖
= 0.636m2 (4)

The oven walls and floor were about 10 cm in thickness
and were made of refractory fire clay bricks, these being
characterized by high-temperature resistance, low thermal
conductivity, and providing good insulation and high heat
accumulation.
Figure 2 shows a schematic of the wood-fired pizza oven

showing the positions of the burningwood logs and sample
undergoing baking. About one fourth of the floor surface
area was occupied by burning wood logs, whereas the
remaining surface area was used for pizza baking.

 17503841, 2023, 5, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16532 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SEMIEMPIRICAL MODELING 2039

2.2 Wood-fired pizza oven operation

The start-up procedure for this wood-fired pizza oven,
manufactured by MV Napoli Forni (Naples, Italy), was
carried out as previously described (Falciano et al., 2022).
In this work, the operation of the oven was stabilized by
feeding 3 kg of oak logs per hour (Qfw) for about 6 h.
The temperatures of the oven vault (TV) and floor (TFL)
were monitored using an infrared (IR) thermal imaging
camera (FLIR E95 42◦, FLIR System OU, Tallinn, Esto-
nia) equipped with an uncooled microbolometer thermal
sensor with dimension 7.888 × 5.916 mm and resolution
464 × 348 pixels, its pixel pitch being 17 µm, focal length
of lens 10 mm, and field of view of 42◦ × 32◦. Such tem-
peratures approached the pseudo-steady-state values of
546 ± 53 and 453 ± 32◦C, respectively (Falciano et al.,
2022). In such conditions, the mean superficial velocity
(vFG) and temperature (TFG) of flue gas at the exit sec-
tion of the oven chimney were simultaneously measured
using a Hotwire Anemometer mod RS PRO RS-8880 (RS-
Components, Corby, United Kingdom), whereas the flue
gas temperature at the oven mouth was determined using
the temperature logger 175 T3 (Testo SE & Co. KGaA,
Titisee-Neustadt, Germany). Moreover, the dry-bulb tem-
perature (TA) and RH of ambient air were measured at
distances ranging from 0 to 150 cm from the oven entry
port using a temperature and humidity Mini TH datalog-
ger (XS Instruments, Carpi, MO, Italy). To check for the
aliquot of wood logs combusted during these conditions, as
another hour had elapsed from the last log feed, unburned
wood logs were separated fromwood ashes, weighted, and
referred to the overallmass of oak logs supplied, thus yield-
ing the average woodfire combustion efficiency (ηcomb).
The composition of the flue gas exiting from the oven
chimney was assessed on 21 April 2022 under meteoro-
logical conditions presenting no rain, predominantly calm
winds, an ambient temperature of 24.0 ± 0.6◦C and pres-
sure of (3.3 ± 0.2 kPa, and good air quality, in accordance
with the local air quality standards, as shown in Table 1.

2.3 Water heating tests

Such tests were carried out in triplicate after the oven
had been preheated at Qfw = 3 kg/h for 6 h using circular
aluminum trays, each one having a diameter of 26 cm
and a mass of 19.35 g. Each tray was filled with about
300 g of deionized water at an initial temperature of
25.8± 0.2◦C, weighted, and then introduced into the oven,
where it was kept for 10–80 s. As soon as the tray had been
withdrawn from the oven, the temperature of the oven
floor was suddenly measured in several areas different

TABLE 1 Chemical composition and flow condition of the flue
gas exiting from the chimney of the wood-fired oven operating in
quasi-steady-state conditions.

Parameter Value Unit
Chimney diameter 200 mm
Chimney cross section 0.0314 m2

Sampling point below chimney
exit

0.7 m

Date 21 April 2022
Exit temperature 91.1 ± 1.3 ◦C
Ambient pressure 93.33 ± 0.16 kPa
Ambient temperature 24.0 ± 0.6 ◦C
Oxygen volumetric fraction 19.8 ± 0.5 % v/v
Moisture volumetric fraction 2.0 ± 0.2 % v/v
CO2 volumetric fraction 1.4 ± 0.2 % v/v
Average gas velocity 2.9 ± 0.3 m/s
Average gas flow rate 328 ± 43 m3/h
Average wet gas flow rate 226 ± 30 m3 (STP)/h
Flue gas molecular mass 28.82 ± 0.03 g/mol
Flue gas density 888 ± 1 g/m3

from that occupied by the tray using the above thermal
imaging camera. Then, the residual mass of the water
contained in the tray was measured using an analytical
balance (Gibertini, Milan, Italy), whereas its temperature
via a temperature logger 175 T3 (Testo SE & Co. KGaA,
Titisee-Neustadt, Germany).

2.4 Statistical analysis of data

Each water heating test was carried out three times. All
parameters were shown as average ± standard deviation
and were analyzed by the Tukey test at a probability level
(p) of 0.05. One-way analysis of variance was carried out
using SYSTAT version 8.0 (SPSS Inc., Chicago, IL, USA,
1998).

3 RESULTS AND DISCUSSION

3.1 Elemental composition and heating
value of oak firewood

Wood is composed of water and dry matter. According
to Vassilev et al. (2010), the dry matter of oakwood con-
tains 50.6% carbon (x′C), 42.9% oxygen (x′O), 6.1% hydrogen
(x′H), and several other substances, such as 0.3% nitrogen
(x′N), 0.1% sulfur (x′S), as well as moisture and ash. In this
work, the moisture (xM) and ash (xA) contents of oak logs
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2040 SEMIEMPIRICAL MODELING

amounted to 5.67± 0.17 and 2.89± 0.66 g/100 g of wet mat-
ter, respectively. Thus, oakwood was characterized by the
following raw molecular formula:

CH1.447O0.636N0.005S0.0007,

which is corresponding to a fictitious molecular mass
(MMfw) of 23.715 g/mol. Moreover, the higher (HHV) and
lower (LHV) heating values were equal to about 18.19 and
16.66 MJ/kg, respectively, as estimated via the following
relationships (Mukunda, 2009):

HHV = 33.823𝑥′
𝐶
+ 144.249

(
𝑥′𝐻 − 𝑥′𝑂∕8

)
+ 9.418𝑥′

𝑆

(5)

LHV = HHV − 22.604𝑥′
𝐻
− 2.581𝑥𝑀 (6)

where HHV and LHV are expressed in MJ/kg, while x′i is
the weight fraction of the ith element on the dry basis of
the biomass under study, and xM is the moisture content
on wet matter.

3.2 Combustion reaction of oak
firewood

Given the dominant influence of fuel-bound nitrogen on
NOX emissions, the NOX emissions resulting from the
combustion of oak firewood were considered the sum
of nitrogen monoxide (NO) and nitrogen dioxide (NO2)
and were all expressed as NO2 equivalents (Ozgen et al.,
2021). Thus, the combustion reaction was described as
follows:

CH1.447O0.636N0.005S0.0007 + 𝛼O2 → CO2 + 𝛽H2O

+ 𝛾NO2 + 𝛿SO2 (7)

where the stoichiometric coefficients α, β, γ, and δ were
estimated by writing a material balance for each element
of concern, thus obtaining

𝛼 = 1.050;𝛽 = 0.723;𝛾 = 0.005; 𝛿 = 0.0007.

If Qfw is the wet firewood feed rate (expressed in kg/h),
its effective molar dry matter combustion rate (Rfw) (in
kmol/h) would be

𝑅fw = 𝜂comb
(1 − 𝑥𝑀 − 𝑥𝐴)

MMfw
𝑄fw (8)

where the combustion efficiency (ηcomb) was equal to
87% ± 3%, as determined previously under the aforemen-
tioned quasi-steady-state conditions (Falciano et al., 2022).

F IGURE 3 Black box model of the wood-fired pizza oven in
quasi-steady-state conditions.

Thus, by referring to Equation (7), the weight O2 con-
sumption and CO2, NO2, and SO2 generation rates were
expressed (in kg/h) as follows:

𝑟O = −32𝛼𝑅fw (9)

𝑟CO2
= 44𝑅fw (10)

𝑟H2O
= 18𝛽𝑅fw (11)

𝑟NO2
= 46𝛾𝑅fw (12)

𝑟SO2
= 64𝛿𝑅fw (13)

Due to woodfire combustion, there is ash and water
vapor formation too, with their corresponding weight
formation rates being expressed as

𝑟𝐴 = 𝜂comb𝑥𝐴𝑄fw (14)

𝑟𝑀 = 𝜂comb𝑥𝑀𝑄fw (15)

3.3 Black-box modeling of the
wood-fired oven

The operation of the wood-fired pizza oven in quasi-
steady-state conditions was described by resorting to the
black box model shown in Figure 3 to point out simply the
functional relationships between system inputs (air and
firewood) and system outputs (flue gas, heat dispersion by
convention and radiation through the outer surfaces of the
oven chamber and floor).
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SEMIEMPIRICAL MODELING 2041

3.3.1 Material balances of the wood-fired
oven

In the circumstances, the overall mass balance yields the
following: (

1 + 𝑈𝑊,𝐴

)
𝑄𝐴 + 𝑄fw = 𝑄FG + 𝑄𝑅 (16)

with

𝑄𝑅 = (1 − 𝜂comb)𝑄fw + 𝑟𝐴 (17)

where QR accounts for residues (i.e., unburned logs and
wood ash) that cumulate over the oven floor, whereasUW,A
is the humidity ratio (in kg of moisture/kg of dry air) of
ambient air sucked in through the oven mouth by natural
draft.
Provided that dry air (QA) consisted of N (76.8% w/w)

and O (23.2% w/w), it is possible to write the following
partial elemental balances as

N ∶ 0.768𝑄𝐴 = 𝑦𝑁,FG𝑄FG (18)

O2 ∶ 0.232𝑄𝐴 + 𝑟𝑂 = 𝑦𝑂,FG𝑄FG (19)

CO2 ∶ 𝑟CO2
= 𝑦CO2,FG

𝑄FG (20)

H2O ∶ 𝑈𝑊,𝐴𝑄𝐴 + 𝑟H2O
+ 𝑟𝑀 = 𝑦H2O,FG

𝑄FG (21)

NO2 ∶ 𝑟NO2
= 𝑦NO2,FG

𝑄FG (22)

SO2 ∶ 𝑟SO2
= 𝑦SO2,FG

𝑄FG (23)

where yi,FG is the weight fraction of the ith component of
flue gas.
By summing up all the terms at the left and right sides

of Equations (18)–(23), introducing Equations (8)–(15), and
accounting for the average values for themoisture (xM) and
ash (xA) contents and combustion efficiency of oak logs
mentioned above, it was possible to relate the input dry air
flow rate to the output flue gas rate as

𝑄FG = 𝑄𝐴

(
1 + 𝑈𝑤,𝐴

)
+ 𝑟O + 𝑟CO2

+ 𝑟H2O
+ 𝑟𝑀 + 𝑟NO2

+ 𝑟SO2
≅ 𝑄𝐴

(
1 + 𝑈𝑤,𝐴

)
+ 0.971𝜂comb𝑄fw

(24)
To estimate QA, the hygrometric properties of ambi-

ent air at different distances (d) from the open mouth
of the pilot-scale wood-fired pizza oven operating in

TABLE 2 Hygrometric properties of ambient air at different
distances (d) from the open mouth of the pilot-scale wood-fired
pizza oven operating in quasi-steady-state conditions.

d (cm) TA (◦C) RH (%)
UW,A (g of water
vapor/kg of dry air)

0 68.3 ± 3.5 17.2 ± 0.3 35.5 ± 6.4
50 36.4 ± 4.8 20.4 ± 0.9 8.6 ± 2.6
100 24.6 ± 0.8 28.8 ± 1.1 6.0 ± 0.5
150 20.9 ± 0.2 33.1 ± 2.5 5.5 ± 0.5

Abbreviation: RH, relative humidity.

quasi-steady-state conditions were assessed as shown in
Table 2. By resorting to the humidity calculator (available
online at https://www.aqua-calc.com/calculate/humidity:
accessed on 29 January 2023), it was possible to calcu-
late the corresponding humidity ratio (UW,A), as listed in
Table 2. Thus, by estimating the flue gas mass flow rate
(QFG = 291 ± 38 kg/h) from the data listed in Table 1
and assuming the humidity ratio of entering air as coin-
cident with that measured at 50 cm from the oven mouth
(Table 2), it was possible to calculate, via Equation (24),
the entering dry air mass flow rate (QA = 286 ± 38 kg
dry air/h). In this way, the estimated molar fractions of
O2 (19.4%), CO2 (1.0%), and H2O (2.2%) in the fumes were
in good agreement with those experimentally determined
(Table 1). Thus, the humidity ratio of flue gas (UW,FG)
resulted to be about 13.7 g of water vapor/kg of dry flue gas.
By referring to Equation (7), the theoretical oxygen

required to burn 1 kg of oak logs was 2.82 g/g of firewood,
whereas the theoretical dry airwould be about 12.2 kg/kg of
firewood. The effective dry air sucked in through the oven
mouth by natural draft was about 95.4 kg/kg of firewood,
thus resulting in 682% excess air.

3.3.2 Heat balance of the wood-fired oven

By referring to the system boundary shown in Figure 3, the
heat balance yields the following (Earle & Earle, 1983):

𝑒𝐴𝑄𝐴 + 𝜂comb𝑄fwLHV = 𝑒FG𝑄FG,𝑑 + 𝐸OC + 𝐸OR + 𝐸𝑂
(25)

where ηcomb and LHV are the firewood combustion effi-
ciency and lower heating value, respectively; EOC and
EOR are the energy rate lost by convention and radia-
tion through the external surfaces of the wood-fired oven,
whereas EO is the total enthalpy rate stored in the oven
baking chamber made of fire bricks.
The specific enthalpy of input air (eA) and output flue

gas (eFG) on dry mass basis were referred to a standard ref-
erence state (eR = 0 for water in the liquid state at 0◦C and
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ambient pressure) and were calculated as

𝑒𝐴 =
(
𝑐𝐴 + 𝑈𝑤,𝐴𝑐Wv

)
𝑇𝐴 + 𝑈𝑊,𝐴𝜆𝑒0 (26)

𝑒FG =
(
𝑐FG + 𝑈𝑤,FG𝑐Wv

)
𝑇FG + 𝑈𝑊,FG𝜆𝑒0 (27)

where cA and cFG are the specific heat values of ambient
air and flue gas on dry mass basis, whereas cWv is the spe-
cific heat of water vapor and 𝜆𝑒0 is the latent heat of water
evaporation at 0◦C, respectively.
When the wood-fired oven is operating in quasi-steady-

state conditions, its external insulated chamber and floor
are generally at higher temperatures than that of ambient
air. The resultant air density gradients drive natural or free
convection, which is responsible for the energy lost EOC,
and can be estimated using the following formula:

𝐸OC =

𝑛𝑂∑
𝑖=1

ℎOi 𝑆Oi (𝑇Oi − 𝑇𝐴) (28)

where nO is the overall number of zones (as identified via
IR thermal mapping) of the external oven chamber and
floor surface areas, TOi is the average temperature of the
ith zone, SOi is its surface area, hOi is the ith convective
heat transfer coefficient of ambient air at low-speed flow,
and TA the ambient temperature. In free convection, the
dimensionless Nusselt number (Nu):

𝑁𝑢 = ℎOi𝑧𝑖∕𝑘𝐴 (29)

is a function of the dimensionless Rayleigh number (Ra)
and solid shape too:

𝑅𝑎 = 𝐺𝑟 𝑃𝑟 (30)

with

Gr = (𝑧𝑖)
3
(𝜌𝐴)

2
𝑔𝛽𝑉ΔT∕(𝜇𝐴)2 (31)

and

𝑃𝑟 = 𝑐𝐴𝜇𝐴∕𝑘𝐴 (32)

where Gr and Pr are the Grashof and Prandtl numbers, βV
is the volumetric coefficient of expansion of air (inK−1), ΔT
the difference between the temperatures (in ◦C) of the oven
surface (TOi) and free stream (TA); g (= 9.81m2/s) the accel-
eration of gravity; cA, µA, ρA and kA are the specific heat,
dynamic viscosity, density and thermal conductivity of air
at the i-th film temperature (Tfi); and zi is a characteristic
dimension of the solid surface (in m).

Table 3 shows all the parameters used to check for the
heat balance (Equation 25) of the wood-fired oven exam-
ined here, as extracted from Àgueda et al. (2010), Alberti
et al. (2018), Anon (n.d.), Choi and Okos (1986), Green
and Perry (2008), Henderson-Sellers (1984), Jones et al.
(2019), Keyest and Vines (1964), Neutrium (2012), Singh
et al. (2009), and The Engineering ToolBox (2003).
As extracted from Alberti et al. (2018), Earle and Earle

(1983), and Green and Perry (2008), the functional rela-
tionships relating to Nu and Ra for a few solid shapes are
listed in Table 4. In this way, the functional relationships
related to a cylinder with characteristic dimension zi > 1 m
were used to estimate the convective heat transfer coef-
ficients of ambient air contacting each external zone of
the oven chamber, whereas those related to a horizontal
heated plate facing up or down were used to predict the
convective heat transfer coefficient of ambient air contact-
ing the slab supporting pizza or the external floor of the
oven.
By using an IR thermal imaging camera, it was possi-

ble to scan all the external lateral and frontal surface areas
of the oven chamber, as well as that of its external floor
and wood embers from the oven entry port, as for instance
shown in Figure 4a–d, respectively. In this way, the heat
dispersion through the external insulated wall and floor
of the pizza oven might be estimated, as well as abnor-
mal temperature mapping might reveal some faults, such
as damaged insulation or gaps in the shell, giving rise to
heat escape. In this work, all the temperature data col-
lected were automatically grouped into 13 different zones
and averaged (Figure 4e), whereas the main dimensions
of each zone were assessed using pixel counting, once
the measured values of the pixels had been referred to
the true dimensions of a few specific distances selected
in the external surface areas of the oven. Such dimen-
sions were used to estimate the external surface area of
the generic ith zone on the assumption that the oven
vault was assimilated to a semi-ellipsoidal solid, whereas
the intermediate and inferior parts of the oven to cylin-
ders. All data collected are listed in Table 5 and were used
to determine the local heat transfer coefficients hOi and
corresponding heat loss rate (EOCi). The temperature of
ambient air was assumed as constant and equal to 24.6◦C
(Table 2).
The wood-fired oven under study also dissipated some

power by radiation (EORi) from the generic ith external
surface area of the oven chamber and floor, including
the no-flame and flame areas of the entry port and pizza
supporting slab, to ambient air. It can be calculated as

𝐸OR =

𝑛𝑂∑
𝑖=1

𝜀𝑖 𝜎 𝑆𝑂𝑖
(
𝑇4
KOi

− 𝑇4
KA

)
(33)
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TABLE 3 Parameters used to assess the thermal performance of the wood-fired pizza oven during its quasi-steady-state operation at
no-load or during the water heating tests performed in this work.

Parameter Value Unit Refs
Mass of water (mW0) 300.0 ± 0.1 g This work
Mass of aluminum tray (mV) 19.35 ± 0.05 g This work
Specific heat of aluminum tray (cV) 0.890 kJ/(kg K) Singh et al. (2009)
Density of air (ρA) 358.517 TK−1.00212 kg/m3 Neutrium (2012)
Specific heat of air (cA) 7.875 × 10−6 TK2 + 0.1712 TK + 949.72 J/(kg K) Neutrium (2012)
Thermal conductivity of air (kA) −1.3707 × 10−8 TK2 + 7.616 × 10−5TK + 4.5968 × 10−3 W/(m K) Neutrium (2012)
Dynamic viscosity of air (µA) −8.3123 × 10−12 TK2 + 4.4156 × 10−8 TK + 6.2299 × 10−6 kg/(m s) Neutrium (2012)
Coefficient of expansion of air (βVA) 1/TK K−1 Neutrium (2012)
Density of water (ρW) 997.18 + 3.144 × 10−3 T − 3.7574 × 10−3 T2 kg/m3 Choi and Okos (1986)
Specific heat of water (cW) 4176.2–9.0864 × 10−2 T + 5.4731 × 10−3 T2 J/(kg K) Choi and Okos (1986)
Thermal conductivity of water (kW) 0.57109 + 1.7625 × 10−3 T − 6.7036 × 10−6 T2 W/m K Choi and Okos (1986)
Dynamic viscosity of water (µW) 10/(2.148 × {T− 8.435+ √[8078.4+ (T− 8.435)2]}− 120) Kg/m s Choi and Okos (1986)
Coefficient of expansion of water
(βVW)

81.4 × 10−4 − 4.5/TK + 647.1142/TK2 K−1 The Engineering
ToolBox (2003.)

Latent heat of water evaporation
(λe)

1.919 × 103(
𝑇𝑆+273.15

𝑇𝑠+239.24
)2 kJ/kg Henderson-Sellers

(1984)
Density of water vapor (ρv) (218.1 ± 0.4)/TK kg/m3 Green and Perry

(2008, p. 2-414)
Specific heat of water vapor (cWv) 2.08 kJ/(kg K) Green and Perry

(2008, p. 2-414)
Thermal conductivity of water
vapor (kv)

0.01842 × (TK)0.5/(1 + 5485/TK/10(12/TK)) W/(m K) Keyest and Vines
(1964)

Dynamic viscosity of water vapor
(µv)

exp [(−4.19 ± 0.05) + (1.132 ± 0.007) × ln(TK)] × 10−6 kg/(m s) Green and Perry
(2008, p. 2-414)

Density of brick, fireclay (ρFB) 2640 kg/m3 Green and Perry
(2008, p. 2-463)

Specific heat of brick, fireclay (cPFB) 0.96 J/(kg K) Green and Perry
(2008, p. 2-463)

Thermal conductivity of brick,
fireclay (kFB)

1.00 W/(m K) Green and Perry
(2008, p. 2-463)

Emissivity of brick, fireclay (εFB) 0.9 − 1 × 10−4 TK – Jones et al. (2019)
Emissivity of flame (εF) 0.15 – Àgueda et al. (2010)
Emissivity of ceramic refractory
tiles (εi)

0.90 – Anon (n.d.)

Emissivity of polished
stainless-steel type 18–8 (εi)

0.15 – Anon (n.d.)

Emissivity of flue gas (εG) at
T = 573◦C

0.074 – Alberti et al. (2018)

where nO is the overall number of zones identified
via IR thermal mapping, εi the emissivity of the
ith component of the radiating surface area (SOi), σ
(= 5.67 × 10−8 W/(m2 K4)) the Stefan–Boltzmann con-
stant, whereas TKOi and TKA are the average absolute
temperatures of the ith zone and ambient air. In partic-
ular, the emissivity of the flames (εF) resulting from oak
log combustion was assumed as equal to about 0.15, being
their thickness shorter than 0.25 m, as extracted from an

experimental study by Àgueda et al. (2010), who observed
that only flames thicker than 3.2 m exhibited an emissivity
(0.9) close to that of a blackbody, whereas the emissivity
of the white ceramic refractory tiles covering the external
oven chamber, polished stainless-steel molding, firebrick
used for the pizza supporting slab and area surrounding
the oven mouth were extracted from Anon (n.d.) and
are listed in Table 3. Moreover, the emissivity of hot
(gray) gases (εG) filling the combustion chamber of the

 17503841, 2023, 5, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16532 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2044 SEMIEMPIRICAL MODELING

TABLE 4 Functional relationships relating the dimensionless Nusselt number (Nu) to the Rayleigh (Ra) number used to estimate the
free convective heat transfer coefficient (hOi) between a free stream and different solid shapes characterized by a linear dimension zi or
between horizontal plates at different temperatures in different flow conditions.

Solid shape Fluid flow Nu relationship Ra range
Vertical plates and cylinder with zi > 1 m Fully Laminar Nu = 1.36 Ra1/5 Ra < 104

Laminar Nu = 0.55 Ra1/4 104 < Ra < 109

Turbulent Nu = 0.13 Ra1/3 Ra > 109

Horizontal heated plates facing up Laminar Nu = 0.54 Ra1/4 1 × 105 < Ra < 2 × 107

Turbulent Nu = 0.14 Ra1/3 2 × 107 < Ra < 3 × 1010

Horizontal heated plates facing down Laminar Nu = 0.27 Ra1/4 3 × 105 < Ra < 3 × 1010

Horizontal rectangular cavity Laminar Nu = 0.069 Ra1/3 Pr0.074 3 × 105 < Ra < 7 × 109

Source: Extracted from Earle and Earle (1983) and Green and Perry (2008).

wood-fired oven, as viewed from the open oven mouth,
was estimated as follows (Alberti et al., 2018):

𝜀𝐺 = 𝜀H2O
+ 𝜀CO2

− Δ ∈
H2O

CO2
+ Δ ∈ (34)

The single absorbing gas emissivity of species j gener-
ally depends on absolute temperature TK, total pressure
P, molar fractions of both the absorbing (xj) and non-
absorbing species (typically N2), and optical path length
L. This emissivity is calculated as if each gas (i.e., H2O
and CO2) were to be the only radiatively active species in
the mixture. Then, the binary overlap correction Δ ∈

H2O

CO2

accounts for the band overlapping of such gas species
and generally depends on temperature TK, total pressure
P, molar fractions of both the absorbing and the non-
absorbing species, and optical path length L. Such data
allowed the evaluation of the emissivity of a hemispheri-
cal volume of gas, as measured by a small surface element
positioned in the center of the hemisphere, its radius repre-
senting the optical path length L. Thus, the gas emissivity
at the average temperature of the no-flame zone of the oven
mouth (zone no. 12 in Table 5) was estimated by assuming
that the hemispherical gas volume coincidedwith the oven
volume (VO), this involving that L was equal to

𝐿 =
3

√
3 𝑉𝑂

4 𝜋
= 0.37m (35)

By using the emissivity data shown in Table 3 and the
geometric dimensions of each ith zone listed in Table 5, the
use of Equations (33)–(35) allowed the ith heat loss rate by
radiation (EORi) to be estimated, as reported in Table 5.
Table 6 summarizes the heat balance of the wood-fired

pizza oven operating in quasi-steady-state conditions. It
can be noted that 46% of the power supplied by firewood is
lost through flue gas, whereas 15% and 11% are lost by radi-
ation and convection from the outer surface of the oven
walls and floor to the surroundings, respectively. Thus, the

energy accumulation rate (EO), which is stored within the
fire brick oven chamber, represented about 28% of the oak
log combustion power.

3.3.3 Heat transfer modes within the
wood-fired oven chamber

As firewood was kept burning in quasi-steady-state condi-
tions, the aforementioned energy accumulation rate (EO)
in the oven chamber allowed the temperatures of the
internal oven vault (TV) and floor (TFL) to be maintained
approximately constant at 546± 53 and 453± 32◦C, respec-
tively, as reported previously (Falciano et al., 2022). Such
heat rate was computed as suggested by Kern (1950), the
surface of the oven floor free of oak log burning (𝑆

FL′
)

being smaller than the projected enclosing vault area (that
coincided with the overall floor area, SFL):

𝐸𝑂 = 𝑆
FL′

1

1

𝜀𝑉
+

𝑆
FL′

𝑆FL

(
1

𝜀FL
− 1

) 𝜎
(
𝑇4
𝑉
− 𝑇4

FL

)
+ℎ𝑐 𝑆FL′ (𝑇𝑉 − 𝑇FL) (36)

where the total normal emissivity of refractory bricks
used for the oven vault and floor was assumed as a lin-
ear decreasing function of their absolute temperature in
accordance with Jones et al. (2019), as shown in Table 3.
Moreover, the convective heat transfer coefficient (hC) of
hot burnt gases contacting the internal vault and baking
floor of the oven was estimated using the correlation rel-
ative to a horizontal rectangular cavity (Green & Perry,
2008), as listed in Table 4.
In the circumstances, the energy accumulation rate (EO)

estimated by using Equation (36) was just 5% greater than
that estimated by the heat balance of the wood-fired oven
(Equation 25) and was mainly due to radiation, as shown
in Table 6.

 17503841, 2023, 5, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16532 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SEMIEMPIRICAL MODELING 2045

T
A
B
L
E

5
M
ai
n
di
m
en
si
on
s(
up
pe
r,
b i
,a
nd

lo
w
er
,B

i,
ch
or
d
le
ng
th
s,
he
ig
ht
,h

i,
an
d
su
rf
ac
e
ar
ea
,S

O
i)
an
d
av
er
ag
e
te
m
pe
ra
tu
re
(T

O
i)
of
th
e
ge
ne
ric

ith
th
er
m
al
ly
m
ap
pe
d
zo
ne

of
th
e

ex
te
rn
al
ch
am

be
ra
nd

flo
or
of
th
e
w
oo
d-
fir
ed

ov
en

op
er
at
in
g
in
qu
as
i-s
te
ad
y-
st
at
e
co
nd
iti
on
sa
nd

ca
lc
ul
at
ed

pa
ra
m
et
er
s(
i.e
.,
z i
,T

fi
,Δ
T i
,P
r i,
Ra

i,
N
u i
,h

O
i)
us
ed

to
ev
al
ua
te
th
e
ge
ne
ric

ith
he
at

lo
ss
ra
te
by

co
nv
en
tio
n
(E

O
C
i)
an
d
ra
di
at
io
n
(E

O
Ri
).

O
ve
n
pa
rt
s

Zo
ne

no
.
T O

i
(◦
C
)

b i (c
m
)

B i (c
m
)

h i (c
m
)

S O
i

(c
m

2 )
z i
(m

)
T f

i
(◦
C
)

Δ
T i

(◦
C
)

Pr
i
(–
)

R
a i
(–
)

N
u i

(–
)

h O
i

(W
/(
m

2
K
))

E O
C
i

(W
)

E O
R
i

(W
)

La
te
ra
ls
ca
nn
in
g

Se
m
i-e
lli
ps
oi
da
lv
au
lt

1
40
.2
±
5.
2

31
58

8.
8

12
82

0.
45

32
15
.6

0.
71

1.1
8
×
10

8
57

3.
4

6.
9

11
.8

2
34
.4
±
4.
9

58
94

13
.6

32
56

0.
76

30
9.
8

0.
72

3.
85

×
10

8
77

2.
7

8.
5

18
.2

3
33
.5
±
4.
2

94
16
0

25
.6

10
,5
25

1.2
7

29
8.
9

0.
72

1.6
4
×
10

9
15
3

3.
2

29
.8

53
.3

4
39
.2
±
4.
4

16
0

19
3

28
.7

10
,4
50

1.7
7

32
14
.6

0.
71

6.
94

×
10

9
24
8

3.
7

56
.9

89
.4

M
id
dl
e
cy
lin
de
r

5
54
.4
±
6.
5

15
1

15
1

9.
75

23
05

1.5
1

40
29
.8

0.
71

7.
89

×
10

9
25
9

4.
7

32
.0

43
.4

6
61
.7
±
4.
7

15
1

15
1

18
.0

42
55

1.5
1

43
37
.1

0.
71

9.
34

×
10

9
27
4

5.
0

78
.4

10
3.
4

Lo
w
er
cy
lin
de
r

7
48
.6
±
2.
8

16
6

16
6

11
.2

29
12

1.6
6

37
24

0.
71

8.
80

×
10

9
26
8

4.
4

30
.5

42
.9

8
48
.1
±
3.
6

16
6

16
6

7.
5

19
50

1.6
6

36
23
.5

0.
71

8.
65

×
10

9
26
7

4.
3

19
.8

28
.1

O
ve
n
m
et
al
m
ol
di
ng

9
41
.2
±
13
.7

68
68

5
12
27

1.9
3

33
16
.6

0.
71

1.0
2
×
10

10
28
2

3.
9

7.
9

2.
0

Pi
zz
a
su
pp
or
tin
g
sl
ab

10
10
1±

51
–

78
24
.5

15
01

0.
51

63
76
.4

0.
71

5.
84

×
10

8
11
7

6.
5

75
.0

75
.7

Fr
on
ta
ls
ca
nn
in
g

Se
m
i-e
lli
ps
oi
da
lv
au
lt

1
52

±
2

31
58

8.
8

12
82

0.
45

38
27

0.
71

1.9
1×

10
8

65
3.
9

13
.8

21
.9

2
50
.5
±
2.
4

58
94

13
.6

32
56

0.
76

38
26

0.
71

9.
08

×
10

8
95

3.
4

28
.5

52
.3

3
48
.7
±
4.
1

94
16
0

25
.6

10
,5
25

1.2
7

37
24

0.
71

3.
99

×
10

9
20
6

4.
4

11
0.
7

15
5.
8

4
51
.1
±
8.
1

16
0

19
3

28
.7

10
,4
50

1.7
7

38
27

0.
71

1.1
6
×
10

10
29
4

4.
5

12
4.
4

17
2.
1

M
id
dl
e
cy
lin
de
r

5
72
.9
±
12
.8

15
1

15
1

9.
75

11
95

1.5
1

49
48

0.
71

1.1
3
×
10

10
29
1

5.
4

30
.9

39
.9

6
71
.2
±
10
.8

15
1

15
1

18
31
45

1.5
1

48
47

0.
71

1.1
0
×
10

10
28
9

5.
3

77
.8

10
0.
6

O
ve
n
m
ou
th
:f
la
m
e

ar
ea

11
65
4.
9
±
3.
4

–
44

22
30
4

0.
44

34
0

63
0

0.
69

2.
17
×
10

8
67

7.
0

13
4.
2

19
1.8

O
ve
n
m
ou
th
:

no
-fl
am

e
ar
ea

12
57
3
±
68

–
44

22
45
6

0.
44

29
9

54
8

0.
69

2.
56

×
10

8
70

6.
9

17
2.
7

97
.6

A
re
a
ro
un
d
th
e
ov
en

m
ou
th

13
18
7
±
52

–
80

27
.8

14
60

0.
80

10
6

16
2

0.
70

2.
78

×
10

9
18
3

7.
2

17
0.
0

23
0.
7

Lo
w
er
cy
lin
de
r

7
72
.9
±
12
.8

16
6

16
6

11
.2

29
12

1.6
6

49
48

0.
71

8.
80

×
10

9
32
0

5.
4

75
.4

97
.3

8
50
.3
±
5.
4

16
6

16
6

7.
5

19
50

1.6
6

37
26

0.
71

8.
65

×
10

9
27
4

4.
5

22
.3

31
.0

D
ow
n
up

sc
an
ni
ng

Ex
te
rn
al
ov
en

flo
or

14
48
.7
±
3.
4

–
1.1
6

–
10
,5
49

1.6
6

36
.7

24
.1

0.
71

3.
03

×
10

9
63

1.5
37
.4

13
0.
1

 17503841, 2023, 5, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16532 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2046 SEMIEMPIRICAL MODELING

F IGURE 4 Thermal scanning of the external lateral (a), frontal (b), and lower (c) surface areas and entry port (d) of the wood-fired pizza
oven operating in quasi-steady-state conditions as such (a–d) and after attributing the temperature data collected to 13 zones of different
surface areas and assessing their temperatures in terms of mean value and standard deviation (e).

3.4 Simulation of the performance of
the wood-fired oven via water heating tests

The wood-fired oven was thus characterized by an almost
constant energy accumulation rate (EO) when operating
in quasi-steady-state conditions. As an aluminum circu-
lar tray filled with deionized water was introduced into the
oven chamber, the temperature of the oven vault remained
practically unaltered. Similarly, the temperature of the

oven floor, as measured at different radial distances larger
than 5 cm around each circular tray, was nearly constant.
On the contrary, the temperature of the floor area occupied
by the sample tended to reduce for a couple of reasons.
First, the sample of concern shielded such area from the
oven vault irradiation. Second, such floor area tended to
cool as heat transferred from it to the cooler sample, the
upper side of which was still heated by the oven vault
via the heat mechanisms of radiation and free convection
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SEMIEMPIRICAL MODELING 2047

TABLE 6 Main items of the heat balance of the wood-fired pizza oven operating in quasi-steady-state conditions.

Power items Value Unit %
Power supplied by firewood (ηcomb Qfw LHV) 12,079 W 100
Input air enthalpy rate (eA QA) 4658 W
Output flue gas enthalpy rate (eFG QFG) 10,198 W
Heat loss rate through flue gas (eFG QFG–eA QA) 5540 W 46
Heat loss rate to the surroundings by radiation (EOR) 1790 W 15
Heat loss rate to the surroundings by convection (EOC) 1344 W 11
Enthalpy accumulation rate within the oven chamber (EO) 3405 W 28
Estimated power exchanged by radiation from the oven vault and floor 3488 W
Estimated power exchanged by convection from the oven vault and floor 85 W
Overall estimated power exchanged from the oven vault and floor 3573 W

F IGURE 5 Temperature profiles and heat flux through different layers when a water-containing tray is laid over the oven floor at
temperature TFL. All symbols are described in the Nomenclature section.

while some of its moisture was also evaporated. In these
conditions, the conductive heat process was assumed to
be limited to a restricted floor volume, its base coinciding
with the area occupied by the tray itself and its thickness
(sFB) being of the order of a few centimeters, respectively.
Because the water-containing aluminum tray was not in
very intimate contact with the hot oven floor owing to a
thin film of hot air, the heat transfer between the tray and
oven floor took place largely by natural convection.
Figure 5 shows the temperature profile from the bulk of

the oven floor, its temperature (TFL) being almost invari-
ant with respect to the initial value (TFL0), to its upper side
(𝑇

FL′
), whichwas separated from the tray lower side atTSW

by a gaseous film and then from TSW to the average water
temperature (TS) in the tray. The instantaneous heat flux
through such three laminar layers was assumed to be con-
stant (qcond = qFB = qA = qS). The heat flux through the

laminar water film contacting the lower side of the tray
was of the convective type. By assuming the thermal resis-
tance of the aluminum tray as negligible and the oven floor
as a semi-infinite solid at a constant initial temperature
(TFL = TFL0), the heat flux exchanged was expressed as
(Carslaw & Jaeger, 1959; Varlamov et al., 2018)

𝑞𝑆 𝑑𝑡 = − ℎ𝑆 (𝑇𝑆 − 𝑇SW) 𝑑𝑡 = 𝑞𝐴 𝑑𝑡

= − ℎ𝐴
(
𝑇SW − 𝑇

FL′

)
𝑑𝑡 = 𝑞FB 𝑑𝑡

= − 𝑘FB
𝑇
FL′

− 𝑇FL√
𝜋 𝛼FB 𝑡

(37)

Such heat flux was then related to the heat balance of
the oven floor section covered by the tray itself as

𝑞FB 𝑑𝑡 = 𝑠FB 𝜌FB 𝑐𝑝FB (−𝑑𝑇FL′) (38)
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2048 SEMIEMPIRICAL MODELING

where sFB is the thickness of the oven floor area exhibiting
a temperature drop as it contacts the tray initially at room
temperature.
By equating the left and central sides of Equation (37), it

was possible to express the temperature (TSW) of the lower
tray side as follows:

𝑇SW =
𝑇𝑆 + 𝛾AS 𝑇FL′

1 + 𝛾AS
(39)

with

𝛾AS = ℎ𝐴∕ℎ𝑆 (40)

By referring to the right and central sides of
Equation (37), it was possible to estimate the local
floor temperature (𝑇FL′) as

𝑇FL′ =
ℎ𝐴 𝑇SW

√
𝜋 𝛼FB 𝑡 + 𝑘FB 𝑇FL

ℎ𝐴
√
𝜋 𝛼FB 𝑡 + 𝑘FB

(41)

By assuming that at the boundary between the
tray and oven floor, the instantaneous heat flux
(qcond = qS = qA = qFB) was constant throughout the
three laminar layers shown in Figure 5, it was possible to
evaluate its time course as

𝑞cond =
𝑇FL − 𝑇𝑆

1

ℎ𝑆
+

1

ℎ𝐴
+

√
𝜋 𝛼FB 𝑡

𝑘FB

(42)

Finally, the heat balance for the water-containing tray
fed through the entry port of thewood-fired oven operating
in quasi-steady-state conditions may be written as

𝑆𝑆

⎡⎢⎢⎢⎣
1

1

𝜀𝑉
+

𝑆𝑆

𝑆FL

(
1

𝜀𝑆
− 1

)𝜎 (
𝑇4
𝑉 − 𝑇4

𝑆

)
+ ℎ𝑐 (𝑇𝑉 − 𝑇𝑆) + 𝑞cond

⎤⎥⎥⎥⎦
𝑑𝑡 = [𝑚𝑊 (𝑡) 𝑐𝑊 + 𝑚𝑉 𝑐𝑉] 𝑑𝑇𝑆 + 𝜆𝑒 𝑑𝑚𝑒 (43)

with

𝑚𝑒 = 𝑚𝑊0 − 𝑚𝑊 (𝑡) (44)

The amount of water evaporated during the water heat-
ing tests carried out here was found to be a nonlinear
function of the average water temperature (TS). By plot-
ting the mass of water evaporated (me) against TS using a
semilogarithmic plot (Figure 6), it was possible to describe
me via the following empirical relationship:

ln (𝑚𝑒) = 𝑎0 + 𝑎1𝑇𝑆 (45)

F IGURE 6 Semilogarithmic plot of the amount of water
evaporated (me) against the average temperature of the water in the
tray (TS: ▴) during the water heating tests, whereas the continuous
line was plotted using the least squares regression equation
(Equation 45) with the coefficients reported in the text.

where a0 and a1 are empirical coefficients that can be
determined by fitting [ln(me)-vs.-TS] data via the method
of least squares:
a0 = −2.99 ± 0.26; a1 = 0.084 ± 0.004◦C−1 (r2 = 0.987).
In this way, the derivate of me with respect to time may

be expressed as

𝑑𝑚𝑒

𝑑𝑡
= 𝑎1 𝑒

𝑎0+𝑎1 𝑇𝑆
𝑑𝑇𝑆
𝑑𝑡

= 𝑎1 𝑚𝑒

𝑑𝑇𝑆
𝑑𝑡

(46)

In conclusion, once Equation (46) had been introduced
into Equation (43), it was possible to reconstruct the time
course of TS by integrating numerically the following first-
order differential equation:

𝑑𝑇𝑆

𝑑𝑡
=

𝑆𝑆
𝑚𝑊 (𝑡) 𝑐𝑊 + 𝑚𝑉 𝑐𝑉 + 𝜆𝑒 𝑎1 𝑚𝑒⎡⎢⎢⎢⎣

𝜎

1

𝜀𝑉
+

𝑆𝑆

𝑆FL

(
1

𝜀𝑆
− 1

) (
𝑇4
𝑉 − 𝑇4

𝑆

)
+ ℎ𝑐 (𝑇𝑉 − 𝑇𝑆) + 𝑞cond

⎤⎥⎥⎥⎦
(47)

with the following initial and boundary conditions:

𝑇𝑆 = 𝑇S0; 𝑇FL′ = 𝑇FL0; 𝑚𝑒 = 0 for 𝑡 = 0 (48)

𝑇𝑉 = 𝑇𝑉0; 𝑇FL = 𝑇FL0 for 𝑡 ≥ 0 (49)

 17503841, 2023, 5, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16532 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SEMIEMPIRICAL MODELING 2049

and the physical constraints expressing the amount of
water evaporated (Equation 45), the temperatures of the
tray (TSW) and oven floor (𝑇FL′) using Equations (39) and
(41), and the heat flux (qcond) using Equation (42).
By referring to the above semiempirical model, it was

possible to reconstruct the time course of TS during the
aforementioned water heating tests, as reported below.

3.4.1 Water heating test

As the wood-fired oven had been ignited with 3 kg of oak
logs for not shorter than 6 h, several aluminum trays, each
one containing 300 g of deionized water, were fed through
the oven entry port and heated for times ranging from 0
to 80 s. Although the oven floor temperature was practi-
cally constant (448 ± 5◦C), the sample temperature (TS)
increased from TS0 (25.8 ± 0.2◦C) to 77.3 ± 1.2◦C, and its
mass (mW) decreased from 300 ± 0 to 264 ± 4 g because of
water evaporation.
Because the aluminum tray was just laid upon the hot

oven floor, the heat transferred through its basewasmainly
controlled by the thermal resistance of the gaseous film
between both surfaces. In fact, the free convection heat
transfer coefficients pertaining to the laminar gaseous (hA)
and water (hS) films (see Figure 5) resulted to be of the
order of 9 and 500 W/(m2 K2), respectively, as calculated
via the relationships listed in Table 4 for horizontal heated
plates facing up with the physical properties of air and
water reported in Table 3.
Figure 7 shows the time course of the calculated values

of thewatermass (mW) and temperature (TS), aswell as the
temperature at the tray base (TSW), and oven floor beneath
the tray (𝑇FL′) using the mathematical model described in
Section 3.4.
It can be noted quite a good reconstruction of the exper-

imental profiles of TS and mW. The accuracy of both the
calculated profiles was found to be sensitive to the over-
all heat transfer coefficient hA. In fact, by increasing it
from 9 to 18 W/(m2 K), the average mean percentage
errors between the experimental and calculated TS and
mW values reduced from 8.1% and 1.8% to 4.1% and 0.8%,
respectively.
Thus, according to Equation (43), the overall heat flow

to the water contained in an aluminum tray was pre-
dominantly represented by radiative heat (72.5% ± 0.9%),
followed by convective heat (15.5% ± 0.3%) and conductive
heat (12.0%± 0.6%). Finally, the average power transferred
to the water was 1.49 ± 0.03 kW, corresponding to an over-
all thermal energy of about 118 kJ. Because the energy
released by the combustion of 3 kg/h of oaks logs dur-
ing the time interval of 80 s accounted for amounted to
966.4 kJ, the water heating test in question revealed an
energy efficiency near 12.2%. Such average energy effi-

F IGURE 7 Time course of the experimental temperature
(TS: ◻) and overall mass of water (mW: △ (closed triangle, not
empty one) contained in an aluminum tray, and temperature of the
oven floor around the sample itself (TFL: open circle), as well as the
calculated values ofmW (continuous line), TS (broken line), TSW
(dash-dotted line), and 𝑇FL′ (dash-double dotted line) using the
mathematical model described in the text.

ciency for the pizza oven examined here was greater than
that (6%–7%) of gaseous domestic ovens (Cimini &Moresi,
2022; Hager &Morawicki, 2013), but smaller than that esti-
mated for a metal fired-wood oven by Igo et al. (2020). In
such cases, the main energy loss was due to the dispersion
of hot fumes (Table 6).
In previous work (Falciano et al., 2022), it was observed

that the average thermal efficiency of this pilot-scalewood-
fired oven was 13% ± 4% when referring to either this
water heating test or several other baking tests carriedwith
white or tomato pizzas as such or topped with sunflower
oil. In the circumstances, the heat collected by the water-
containing aluminum circular tray should be regarded
as quite near to that collected by any pizza sample with
almost the same diameter. Because the enthalpy accumu-
lation rate within the oven fire brick chamber (EO) in the
quasi-steady-state conditions was about 3.4 kW (Table 6)
and the water heating tests made use of just 44% of EO, it
would be possible to confirm the nominal baking capacity
of two pizzas at once for this wood-fired oven.

4 CONCLUSIONS

In this work, the material and energy balances in a
pilot-scale wood-fired oven in quasi-steady-state operating
conditions were established in conjunction with the mea-
surement of the main composition of flue gas and external
ovenwall and floor temperatures in order to assess the heat
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2050 SEMIEMPIRICAL MODELING

loss rates through flue gas and insulated oven chamber.
About 46% and 26% of the energy supplied by firewood
combustion were dissipated by the exit fumes and exter-
nal oven surfaces to the surrounding environment. The
remaining 28% accumulated in the internal fire brick oven
chamber, thus allowing the temperatures of the oven vault
and floor to be kept approximately constant, as well as one
or two pizzas to be baked at once. By accounting for the
simultaneous heat transfer mechanisms of radiation, con-
vection, and conduction, it was possible to simulate quite
accurately a series of water heating tests carried out using
water-containing aluminum trays with a diameter near to
that of a typical Neapolitan pizza. The overall heat trans-
ferred to each pizza-simulating tray was mainly due to
radiation (circa 73%), the contribution of the convective
heat from the oven vault and conductive heat from the
oven floor amounting to about 15% and 12%, respectively.
Furtherwork should be aimed at checking the capability

of this semiempirical model to predict the baking process
of typical pizzas differently topped.

NOMENCLATURE
a, b, c semiaxes of the semi-ellipsoid vault (m)
a0, a1 empirical coefficients of Equation (45)
bi, Bi upper and lower chord lengths of the ith ther-

mally mapped zone of the external oven surface
(m)

ci specific heat of the ith component or solid
(J/kg K)

cV specific heat of aluminum tray (J/kg K)
cW specific heat of water (J/kg K)
cWv specific heat of water vapor (J/kg K)
d orthogonal distance from the oven mouth (m)
Di diameter of the internal oven chamber (m)
ei specific enthalpy of ith gaseous stream on dry

mass basis (J/kg)
EO enthalpy accumulation rate inside the internal

fire brick oven chamber (W)
EOC energy rate lost through the external oven sur-

faces by convention (W)
EOR energy rate lost through the external oven sur-

faces by radiation (W)
eR specific enthalpy at the standard reference state

(J/kg)
g acceleration of gravity (= 9.81 m2/s)

Gr Grashof number as defined by Equation (31)
(dimensionless)

hA convective heat transfer coefficient through the
laminar gaseous film (W/(m2 K))

hc convective heat transfer coefficient of the gas
mixture filling the internal oven chamber
(W/(m2 K))

HHV higher heating value of firewood (MJ/kg)
hi height of the ith thermally mapped zone of the

external oven surface (m)
Hi height of the internal oven chamber (m)
hOi convective heat transfer coefficient of ambient

air contacting the ith external surface area of the
oven chamber (W/(m2 K))

hS convective heat transfer coefficient through the
laminar water film (W/(m2 K))

ki thermal conductivity of the ith fluid or solid
(W/(m2 K))

L optical path length of the gas-emitting gas as
defined by Equation (35) (m)

LHV lower heating value of firewood (MJ/kg)
me mass of water evaporated (kg)

MMfw molecular mass of firewood (g/mol)
mV mass of aluminum tray (kg)
mW instantaneous mass of water (kg)
nO overall number of thermally mapped zones

(dimensionless)
Nu Nusselt number as defined by Equation (29)

(dimensionless)
p empirical exponent ofKnudThomsen’s formula

(p ≈ 1.6075) (dimensionless)
Pr Prandtl number as defined by Equation (32)

(dimensionless)
qA instantaneous convective heat flux through the

laminar gaseous film (W/m2)
QA mass flow rate of input dry air (kg/h)

qcond instantaneous heat flux as defined by Equa-
tion (42) (W/m2)

qFB instantaneous conductive heat flux through the
firebrick layer (W/m2)

QFG mass flow rate of output wet flue gas (kg/h)
QFGd mass flow rate of output dry flue gas (kg/h)
Qfw wet firewood feed rate (kg/h)
QR accumulation rate of solid residues over the

oven floor (kg/h)
qS instantaneous convective heat flux through the

laminar water film (W/m2)
r2 coefficient of determination
Ra Rayleigh number as defined by Equation (30)

(dimensionless)
Rfw effective molar dry matter combustion rate

(kmol/h)
RH relative humidity of ambient air (%)
ri weight generation or consumption rate of the

ith component (kg/h)
s vertical axis (m)
sA thickness of the laminar gaseous film (m)
sFB thickness of the firebrick layer (m)
SFL surface area of the oven floor (m2)
sL thickness of the laminar water film (m)
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SEMIEMPIRICAL MODELING 2051

SOC overall lateral surface of the oven chamber (m2)
SOi surface area of the ith thermally mapped zone

of the oven chamber (m2)
SOM surface area of the semicircular oven mouth

(m2)
SS surface area of the circular tray (m2)
SSE lateral surface area of the oblate semi-ellipsoidal

vault (m2)
t baking time (s)

TA temperature of ambient air (◦C)
TFG temperature of flue gas (◦C)
Tfi temperature of the ith laminar film (◦C)
TFL temperature of the oven floor (◦C)
𝑇FL′ temperature of the oven floor shielded by a tray

(◦C)
TKA absolute temperature of ambient air (K)
TKOi average absolute temperatures of the ith ther-

mally mapped zone of the oven chamber (K)
TOi average temperature of the ith thermally

mapped zone of the oven chamber (◦C)
TS average temperature of the water contained in

the tray (◦C)
TSW average temperature of the tray lower side laid

over the oven floor (◦C)
TV average absolute temperature of the oven vault

in quasi steady-state conditions (K)
UW,A humidity ratio of ambient air (kg of water

vapor/kg of dry air)
UW,FG humidity ratio of flue gas (kg of water vapor/kg

of dry flue gas)
vFG mean superficial velocity of flue gas (m/s)
VO volume of the internal oven chamber (m3)
x′i mass fraction of the generic ith element of wood

on dry mass (g/g)
xA ash content of firewood on wet matter (g/g)
xM moisture content of firewood on wet matter

(g/g)
yi,FG weight fraction of the ith component of flue gas
zi characteristic dimension of the ith solid surface

area (m)
0 initial
A referred to air

Δ ∈
H2O

CO2
binary overlap correction of the overall gas
emissivity due to band overlapping of H2O and
CO2 gases (dimensionless)

C referred to carbon
FG referred to flue gas
H referred to hydrogen
N referred to nitrogen
O referred to oxygen
S referred to sulfur
W referred to tray bottom

βV volumetric coefficient of expansion of fluid
(K−1)

ΔT temperature difference (= TOi—TA) (◦C)
𝜀CO2

emissivity of carbon dioxide in the gas filling the
oven chamber (dimensionless)

αFB thermal diffusivity of firebrick (m2/s)
α, β, γ, δ stoichiometric coefficients of the wood combus-

tion reaction (mol/mol)
εF emissivity of flame (dimensionless)
εG emissivity of flue gas (dimensionless)

εH2O emissivity of water vapor in the gas filling the
oven chamber (dimensionless)

εi emissivity of the ith radiating surface area
(dimensionless)

γAS ratio of the air-to-water convective heat trans-
fer coefficients as defined by Equation (40)
(dimensionless)

ηcomb firewood combustion efficiency (dimension-
less)

λe latent heat of water evaporation (J/kg)
µi dynamic viscosity of the ith fluid (kg/m/s)
ρi density of the ith fluid or solid (kg m−3)
σ Stefan–Boltzmann constant (= 5.67 ×

10−8 Wm−2 K−4)
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