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Featured Application

A passive heat pipe system without pumps or fans that can be retrofitted to gas fireplace
inserts and other local space heaters to preheat the combustion air with heat taken from the
upper part of the firebox.

Abstract

Evaporator designs of passive heat pipes for combustion air preheating in local space
heaters have not been compared directly. This study compares two complete evaporator de-
signs of a gravity loop heat pipe in a gas fireplace insert: a flat evaporator with a glass-fibre
wick and a copper finned-tube evaporator. Two test series at four settings (4.5–9.6 kW) were
compared with a reference without the heat pipe. The heat pipe transferred 953–2040 W to
the combustion air (point velocity upper estimate; 523–1202 W from the excess air ratio),
preheating it to 50–85 ◦C. The EN 613 efficiency rose by 1.5–5.7 percentage points at the
combustion chamber boundary but changed by only −1.1 to +1.2 for the whole insert, as the
evaporator also absorbs firebox radiation and preheating heat largely circulates internally.
The finned-tube evaporator started up faster (10–29 vs. 33–42 min), but its series differed by
up to 25%. At the highest settings, the flat evaporator lowered the flue gas temperature by
14–15 K but raised the glass temperature by 46–59 K. Loop pressures up to 6.6 bar limited
operation. The evaporator design thus mainly affected start-up and firebox and flue gas
temperatures; whole-appliance efficiency gains require lower flue gas temperatures.

Keywords: heat pipe; loop heat pipe; waste heat recovery; combustion air preheating; gas
fireplace insert; evaporator design; energy efficiency; local space heater

1. Introduction
Buildings are among the largest energy consumers in the European Union [1]. The

recast Energy Performance of Buildings Directive (EPBD) (EU) 2024/1275 therefore aims
at zero-emission buildings and a gradual decarbonisation of their heating. Space heating
accounts for 61.5% of the final energy consumption of households [2], so any increase in the
efficiency of a heat source translates directly into lower fuel consumption and emissions.
An important group of heat sources are local space heaters, i.e., fireplaces, fireplace inserts
and stoves fired with gaseous and solid fuels. Their minimum seasonal efficiency and
emissions are regulated by the ecodesign Regulation (EU) 2015/1188 [3].
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In well-insulated single-family houses, local space heaters have a further drawback.
Their output is often oversized with respect to the low heat loss of the building, and a
large share of the heat is emitted by radiation from the firebox. This leads to temperature
fluctuations and overheating of the living space. Thermal comfort is therefore addressed
by modifying the heat storage properties of the heater [4], by transferring part of the
flue gas heat to the ventilation or heating system [5] or by heat pipes. Heat pipes can
reduce the radiant output of fireplace inserts by up to 40% or remove up to approximately
3 kW to a storage tank and thus prevent overheating of the living space [6]. Climate
change adds a requirement for resilience: heating should remain available during a power
outage. Solutions that increase efficiency without pumps and fans are therefore particularly
valuable for small heat sources.

The largest loss of a small heat source is the flue gas sensible heat loss. As a rule
of thumb for boilers, a 5 K reduction in flue gas temperature increases the efficiency by
approximately 1% [7]. The waste heat can be used either to heat water or air in the building
or to preheat the combustion air, which returns the heat directly to the combustion process.
Combustion air preheating combined with humidification increases boiler efficiency [8],
and preheating changes the combustion conditions, including the adiabatic flame tempera-
ture [9]. A higher combustion temperature may increase the formation of thermal NOx [10].
However, conventional flue gas–air or flue gas–water heat exchangers in small heat sources
require a circulation pump or a fan and hence electrical energy [5,11].

Heat pipes transfer heat by evaporation and condensation of a working fluid in a
closed space without moving parts. Their effective thermal conductivity is of the order of
5000–200,000 W·m−1·K−1 [7]. Heat pipe heat exchangers separate the flue gas stream from
the heated medium. They are used for waste heat recovery in industry and in boilers [12–15]
as well as in building ventilation and air conditioning [16,17]. As a boiler economiser, a heat
pipe heat exchanger achieved a heat transfer rate similar to that of a finned-tube economiser,
but 3.24 times higher per unit volume, and an empirical model predicted that one of the same
size would increase the boiler efficiency by approximately 1.28% more [18].

When the evaporator is located far from the condenser, as in a fireplace insert with
the evaporator in the flue gas stream upstream of the chimney and the condenser in the
combustion air supply [11], a suitable design is a loop heat pipe (LHP) with separate
vapour and condensate lines [19–22]. If the condenser is located above the evaporator,
the condensate returns by gravity. Such a gravity loop heat pipe then does not require a
fine capillary structure throughout the loop [14,20]. The performance of loop heat pipes
depends on the heat load, the fill charge, the orientation and the evaporator design [23].
In an earlier gravity loop heat pipe installed in a gas fireplace insert, a charge of more
than 0.2 L of water flooded the loop and reduced the efficiency, whereas a charge of 0.1 L
allowed it to operate [24]; because a suitable charge depends on the loop volume, the
charges used here are also given as filling ratios (Section 2.2).

The evaporator design remains an open question. Flat evaporators with a capillary
structure provide a large heat transfer area and a uniform liquid distribution [25]. Their
performance is strongly affected by the structure and material of the wick [26–28]. A
flat evaporator surface also maximises the radiation-absorbing area, which is exploited
in flat heat pipe heat exchangers recovering heat mainly by thermal radiation from hot
metal above 500 ◦C [29]. Finned-tube evaporators, on the other hand, build on the well-
established technology of finned heat exchangers, in which metallic fins in the exhaust gas
duct maximise the heat-absorbing surface [7] and which remain the conventional solution
for boiler economisers [18]; thermosyphon heat exchangers with finned tubes on the flue
gas side are simple and compact [30], and a heat exchanger of 180 helical-finned heat pipes
recovered up to 100 kW of waste heat in the ceramics industry without excess fouling [31].
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The flat and the finned-tube evaporator thus represent two distinct ways of coupling the
evaporator to the combustion chamber (a continuous wall exposed directly to the flame
and its radiation vs. an extended surface swept by the flue gas), which also differ in heat
capacity and in the way the liquid is distributed over the heat transfer surface.

Flue gas heat recovery, including heat pipe and thermosyphon exchangers, has been
demonstrated mainly in continuously operated industrial installations and boilers of hun-
dreds of kilowatts to megawatts [8,30–32], not in intermittently operated appliances of
about 10 kW with radiation-dominated heat emission and no flue gas fan; in small stoves,
it has been assessed mainly by models and simulations and relies on ventilation fans [5,33].
Loop heat pipes with flat evaporators have been developed mainly for electronics and
spacecraft and modelled mostly at steady state with radiation neglected [20,25], and even
passive thermosyphon heat recovery units have been tested with electrically heated air [34],
i.e., without a flame, combustion products or a start-up from a cold firebox. Previous
experiments with a gravity loop heat pipe in a gas fireplace insert showed an increase in
the efficiency according to EN 613 [35] of 3.4 percentage points (pp) with a flat evaporator
at maximum output [11,36] and of 2.7 pp on average with a copper tubular evaporator [37].
However, each design was tested separately, at a different time and in a different con-
figuration of the test rig. In addition, the test with the flat evaporator was limited to
15 min because the loop pressure reached the set pressure of the safety valve [36]. A direct
comparison of both designs under the same conditions and over the whole output range
is therefore missing. Also missing is a description of the heat pipe operation (pressure,
temperatures of the vapour and condensate lines, transient behaviour) and of the effect
of the evaporator on the temperatures in the firebox and on the glazed front, which are
related to the radiant heat emission of the insert.

The primary objective of this study is to experimentally compare two evaporator
designs of a gravity loop heat pipe (a flat evaporator with a liquid-distributing wick and
a finned-tube evaporator) for combustion air preheating in a gas fireplace insert. The
two designs, which differ in material, geometry, joints, wick and filling ratio, are compared
as complete prototypes rather than as isolated design parameters, with the same condenser
and a common reference within a single measurement campaign at four output settings.
The novelty of the work lies in a set of 24 tests of up to 60 min evaluated by a uniform
methodology, in a balance of the heat transferred to the combustion air supplemented by
an uncertainty analysis, and in the evaluation of the heat pipe operating parameters, i.e.,
the loop pressure and the surface temperatures of the vapour and condensate lines. The
study further assesses how both designs affect the flue gas temperature, the excess air,
the emissions, the firebox and glass temperatures and, finally, the efficiency according to
EN 613. The findings are discussed with respect to the design of passive (pumpless) heat
recovery systems for local space heaters in residential buildings.

2. Materials and Methods
2.1. Experimental Setup and Standards

The experiments were carried out on a LUNA 850V Gold gas fireplace (M-Design
Benelux BV, Zedelgem, Belgium) insert with a closed combustion chamber and a glazed
door, fired with natural gas G20. The insert was installed in the laboratory of the Depart-
ment of Power Engineering, University of Žilina, and connected to a chimney with an inner
diameter of 141 mm. Combustion air is supplied to the firebox through an air intake duct
at the rear of the insert. To accommodate the condenser and the supply of preheated air,
the combustion air intake channel was widened compared with the original appliance.
The modified insert was used in all configurations, including the reference. The main
parameters of the appliance are given in Table 1.
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Table 1. Main parameters of the investigated gas fireplace insert.

Parameter Value

Appliance type gas fireplace insert with closed firebox, LUNA 850V Gold
Fuel natural gas G20; Hi = 35.4 MJ·m−3, Hs = 39.2 MJ·m−3

Efficiency declared by
the manufacturer 80.0–87.1%

Mass; front dimensions (W × H) 145 kg; 666 × 773 mm
Output control manual regulator, tested settings 5, 8, 10 and 12

Measured heat input at settings
5/8/10/12 4.5–4.6/6.4–6.5/7.9–8.0/9.5–9.6 kW

The efficiency was determined by the indirect method according to EN 613 [35], which
applies to independent gas-fired convection heaters with a nominal heat input of up to
20 kW. The standard requires the evaluation to be carried out once the appliance has
reached thermal equilibrium, i.e., when the flue gas temperature changes by not more than
±2 K within 10 min. In some tests with the heat pipe, however, the flue gas temperature
and the heat pipe output were still changing slowly at the end of the 60 min tests; unless
stated otherwise, the results are therefore given as averages over the last 10 min of each test
(final 10-min values), which in these tests are not steady-state values (Section 3.1).

2.2. Design of the Gravity Loop Heat Pipe

The heat pipe is a closed, pumpless two-phase loop with water as the working fluid,
chosen for its high specific heat capacity and because it is non-flammable and non-explosive
under test conditions. Its evaporator is located in the upper part of the firebox above the
flame, in the flue gas stream upstream of the chimney, and therefore receives heat by
convection from the flue gas and by radiation from the flame and the firebox walls; the
transferred heat is thus taken from the firebox as a whole, not only from the flue gas leaving
the appliance (Section 4.3). The condenser is placed in the combustion air intake duct at
the rear of the insert, above the evaporator. The vapour flows through the vapour line to
the condenser, where it releases its latent heat to the intake air. The condensate returns by
gravity to the evaporator through the condensate line. The loop is therefore a gravity loop
heat pipe (loop thermosyphon) [14]. The transferred heat is returned to the combustion
process as combustion air preheating, and no electrical energy is needed for its transfer.

Two evaporator designs were compared (Table 2, Figure 1). Variant A is a flat evapora-
tor made of AISI 304 stainless steel, selected because of the high firebox temperatures. Its
body, with outer dimensions of 520 × 320 mm, is welded from sheet metal approximately
2 mm thick and has an internal volume of 1.8 L. Inside, a wick made of glass-fibre fabric
distributes the liquid over the heated wall.

Table 2. Comparison of the evaporator design variants.

Property Variant A—Flat Variant B—Copper Finned-Tube

Material AISI 304 Cu (DN 18) + Al fins
Outer dimensions 520 × 320 mm 495 × 290 mm

Flue gas side surface plain wall fins, pitch 5 mm
Capillary structure glass-fibre fabric wick none

Internal volume of the evaporator 1.8 L 0.6 L
Joints welded brazed

Water charge 1.8 L 0.6 L
Total internal volume of the loop 3.0 L 1.8 L

Filling ratio (charge/loop volume) 60% 33%
Condenser Cu/Al finned, 4 sections; 1.2 L incl. lines same as A

Working fluid water water

https://doi.org/10.3390/app162110995

https://doi.org/10.3390/app162110995


Appl. Sci. 2026, 16, 10995 5 of 20

 

Figure 1. Gravity loop heat pipe in the gas fireplace insert: (a) system layout with the evaporator in
the firebox, the condenser in the combustion air intake duct, the vapour and condensate lines, and
the water reservoir with a shut-off valve for filling the loop; (b) variant A—flat evaporator with the
condenser; (c) variant B—copper finned-tube evaporator with aluminium fins and the condenser;
(d) photograph of the test rig: fireplace insert with the chimney, insulated condenser housing in the
combustion air intake duct and the Testo 350 flue gas analyser.
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Variant B is a copper finned-tube evaporator. It consists of five finned sections of DN
18 copper tube with press-fitted aluminium fins with an outer diameter of 37.2 mm and a
pitch of 5 mm. The plan dimensions of the evaporator are 495 × 290 mm, and its internal
volume is 0.6 L. This variant has no capillary structure.

The condenser is a copper tube heat exchanger with aluminium fins consisting of
four sections connected in a serpentine arrangement. Its internal volume together with
the vapour and condensate lines is 1.2 L, and the same condenser was used for both
variants. Before filling, the loop was evacuated with a KNF N 820 Laboport diaphragm
vacuum pump (KNF Neuberger GmbH, Freiburg, Germany) to an absolute pressure of
0.15–0.18 bar and charged with distilled water in an amount equal to the internal volume
of the evaporator, i.e., 1.8 L for variant A and 0.6 L for variant B, or 60% and 33% of the total
loop volume (Table 2), which had given practically trouble-free operation in preliminary
experiments; the vapour space is provided by the vapour line and the condenser above
the evaporator.

2.3. Measurement Instrumentation

The main measuring points are shown in Figure 2 (photograph of the rig in Figure 1d),
and the instruments used are listed in Table 3. Temperatures were measured with type
K (NiCr–Ni) thermocouples connected to an Almemo 5690-2 data logger (both Ahlborn,
Holzkirchen, Germany) recording at 10 s intervals. The measured quantities were the
flue gas temperature in the chimney tch, three firebox temperatures (left, centre, right),
whose average gives the firebox temperature tfb, the temperature above the evaporator
and the surface temperatures of the glass and of the side, rear and top walls of the insert.
On the air side, the intake air temperature upstream of the condenser Tin and the air
temperatures downstream of the condenser in three zones of the intake duct (left L, centre
C, right R) were measured. In the tests with the heat pipe, the ambient temperature and
nine surface temperatures of the condenser were also recorded. The temperatures of the
heat pipe lines were measured with thermocouples attached to the outer surface of the
vapour line (at the evaporator outlet and at the condenser inlet) and of the condensate line
(at the condenser outlet and at the evaporator inlet). These surface temperatures are lower
than the temperature of the working fluid and are denoted Tvl and Tcl (averages of the
two points on each line).

Figure 2. Schematic of the test rig with the measuring points (numbering according to the legend in
the figure). Sensors 1–9 and 11–15 are connected to the Almemo 5690-2 data logger; point 10 is the
sampling probe of the Testo 350 flue gas analyser.
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Table 3. Equipment used for measurements.

Quantity Instrument (Manufacturer, Model) Range/Accuracy

Temperatures type K thermocouples, Almemo 5690-2 data
logger (Ahlborn, Holzkirchen, Germany)

±1.5 K up to 375 ◦C (IEC 60584-1 [38] class 1,
assumed); logger ±(0.05 K + 0.05% of reading),

cold junction ±0.2 K

Air velocity (3 zones)
vane anemometers FVAD 15-H220 (2×) and

FVAD 15-H120 (Ahlborn, Holzkirchen,
Germany)

0.6–20 m·s−1 (H120: 0.3–20 m·s−1); ±(0.5% of
full scale + 1% of reading)

Heat pipe pressure pressure transducer DMP 331P (BD SENSORS,
Thierstein, Germany) 0–10 bar abs.; ±0.35% of full scale (±0.035 bar)

O2, CO2, CO, NO/NOx, λ flue gas analyser Testo 350 (Testo SE,
Titisee-Neustadt, Germany)

O2 ±0.2 vol.% (0.8% of full scale), CO2 and λ

calculated from O2; CO ±10 ppm (0–199 ppm);
NO ±5 ppm

(0–99 ppm); NO2 ±5 ppm (0–99.9 ppm)

Gas volume diaphragm gas meter MKM G6 (PREMAGAS
s.r.o., Stará Turá, Slovakia)

0.06–10 m3·h−1; ±3% below and ±1.5% above
the transitional flow rate (class 1.5,

EN 1359 [39], assumed)

The air velocity in the three zones of the duct was measured with vane anemometers,
one in the centre of each zone, which indicate the actual flow velocity at the probe location.
The absolute pressure in the vapour line of the heat pipe was measured with a pressure
transducer. The flue gas composition (O2, CO2, CO, NO, NOx) and the excess air ratio
λ were recorded with a Testo 350 flue gas analyser and the chimney draught with the
Almemo data logger. The analyser probe was placed in the chimney at a distance of 18 cm
from the insert and the flue gas thermocouple at a distance of 56.5 cm. The gas consumption
was read from a diaphragm gas meter at the beginning and at the end of each test.

2.4. Test Procedure

The reference configuration without the heat pipe (REF) and two configurations with
the heat pipe (A, B) were tested at four regulator settings (5, 8, 10 and 12). At each setting,
two tests (series 1.1 and 2.2) lasting 60 min were carried out with data recorded every
10 s (Table 4). The standard does not prescribe a test duration [35]; 60 min was used
for all tests to keep them comparable, because the reference insert practically reached
thermal equilibrium within this time. The reference tests were carried out on 8 July 2026
in succession from the highest to the lowest setting. For the configurations with the heat
pipe, series 1.1 was measured on one day in ascending order of settings (5 → 12) and series
2.2 on another day in descending order (12 → 5). Series 1.1 and 2.2 are therefore not pure
repetitions: they differ in the initial thermal state of the insert and of the heat pipe, and
their difference thus also includes the effect of the thermal history. The tests of variant B
at setting 12 were terminated after 26 min because the heat pipe pressure was rising at
approximately 0.1 bar·min−1 and was approaching the safety limit of 7 bar, which was not
to be exceeded during the tests. All tests were carried out without a flow restrictor in the
chimney and under summer conditions, with an intake air temperature of 22–27 ◦C.

Table 4. Test matrix.

Configuration Label Date (1.1/2.2) Regulator Settings Duration

Insert without heat pipe REF 8 July/8 July 2026 5, 8, 10, 12 60 min

Heat pipe with flat evaporator A 22 July/24 July 2026 5, 8, 10, 12 60 min

Heat pipe with copper
finned-tube evaporator B 13 July/15 July 2026 5, 8, 10, 12 60 min (setting 12: 26 min)
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2.5. Energy Balance and Efficiency

The heat input of the insert was determined from the volume of gas consumed Vg

during the test duration τ as

P =
Vg

τ
Hi. (1)

The heat transferred to the combustion air in the condenser was determined as the
sum over the three duct zones i ∈ {L, C, R} with the inner cross-sections AL = AR = 0.0051
m2 (111 × 46 mm) and AC = 0.0086 m2 (186 × 46 mm):

.
Qair = ∑ iρi vi Aicp,a(Tout,i − Tin), (2)

where vi is the measured velocity, Tout,i is the air temperature downstream of the condenser,
Tin is the intake air temperature, cp,a = 1010 J·kg−1·K−1, and ρi is the air density at Tout,i

and atmospheric pressure (ideal gas), since the anemometers indicate the actual rather than
the normalised velocity. Each zone velocity is a single-point value and is applied to the
whole zone cross-section. For the tests without the heat pipe, Equation (2) serves as a check
value: the air temperature rise in the duct is only 0.6–1.4 K, and the corresponding heat
flow is within the measurement uncertainty.

The heat supplied to the evaporator could not be measured directly.
.

Qair therefore
represents the heat output of the heat pipe delivered to the air, i.e., the evaporator heat load
reduced by the heat losses of the lines and by the change in the internal energy of the loop.
The heat pipe operation was further characterised by the absolute pressure p and by the
surface temperatures Tvl and Tcl.

The efficiency η, based on the net calorific value, was determined by the indirect
method according to EN 613, Clause 7.11.2 [35]:

η = 100 − (q1 + q2), (3)

q1 =
cp, f gVp(t2 − t1)

Hi
·100, (4)

q2 = 0.077
Hs − Hi

Hi
(t2 − t1), (5)

where q1 is the dry flue gas loss and q2 is the water vapour loss, both in % of the heat
supplied by the fuel. Further, cp,fg = 1.33·10−3 MJ·m−3·K−1 is the mean specific heat of
the dry flue gas, t2 = tch is the flue gas temperature in the chimney, and t1 is the mean
temperature of the combustion air entering the combustion chamber [35]. The balance
boundary is therefore the combustion chamber; because the air is preheated with heat
taken from the firebox of the same insert, η with the heat pipe is not the efficiency of the
whole appliance, and its change relative to REF is therefore also given for a boundary
around the whole insert (∆ηins, with t1 = Tin in all configurations). In the reference insert,
the intake air is not preheated; hence, t1 = Tin. In the insert with the heat pipe, the intake
air flows through the condenser located in the intake duct and is preheated before entering
the combustion chamber; hence, t1 is the mean of the three air temperatures downstream of
the condenser.

The widened intake channel (Section 2.1) increased the amount of air passing through
the insert (the insert has no draught diverter). The O2 content in the chimney was 17.7–19.8%
in all configurations, including REF, whereas in the original insert before the modification, it
was 10–12%. To relate the flue gas loss to the combustion conditions of the original appliance,
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the dry flue gas volume Vp (m3 per m3 of gas) was calculated with the CO2 concentration
converted to the reference O2 content O2,ref = 11% (the middle of the original range):

Vp =
VCO2

CO2,re f
·100, CO2,re f = CO2

21 − O2,re f

21 − O2
, (6)

where VCO2 = 1.058 m3·m−3 is the volume of CO2 produced by burning 1 m3 of gas, and
CO2 and O2 are the concentrations measured in the dry flue gas. Since the composition
of the natural gas, and thus of its combustion products, was practically constant and the
analyser determines CO2 from the measured O2 for a given fuel, Vp varied only minimally
over time and between the tests (18.4–18.8 m3·m−3, mean 18.5 m3·m−3), which corresponds
to an excess air ratio of 2.1. The useful heat output of the insert is Pout = P·η/100.

All quantities were calculated for each 10 s record and averaged (a) over the last
10 min of the test and (b) over the whole test. The first and the last record of each test
were excluded. The remaining trends were quantified by the slope of the linear regression
of the flue gas temperature and

.
Qair in the last 10 min window. The emission data and

the efficiency of test REF 8/1.1 were excluded because the analyser data file of this test
was corrupted; the temperatures, air velocities and gas consumption of this test, recorded
independently by the data logger and the gas meter, were used. The data-processing scripts
were written with the assistance of a generative AI tool (see Acknowledgments), and all
calculation steps were checked by the authors.

2.6. Measurement Uncertainty

The expanded uncertainty (k = 2) of the derived quantities was determined by the
Monte Carlo method according to the GUM [40,41] with 4000 trials. The input quantities
were modelled by uniform distributions: temperatures, velocities, O2 and gas volume
within the instrument accuracies given in Table 3, duct zone areas ±3%, net calorific value
±1% and the specific heat of the flue gas cp,fg ±2%. For the last 10 min window, the

expanded uncertainty of the heat flow
.

Qair is ±84–114 W, i.e., 6–9% of the measured value
in the tests with the heat pipe. The uncertainty of the heat input is ±3.7%, and that of the
efficiency η is ±0.2–0.4 pp. These values do not include the choice of O2,ref, a convention
of the evaluation whose effect is given in Section 3.5, nor the systematic deviation of the
point velocity measurement (Section 4.5). In the REF tests,

.
Qair (27–60 W) is smaller than

its uncertainty and thus statistically insignificant. The difference between series 1.1 and
2.2 includes, in addition to the instrument uncertainty, the effect of the different initial state
(Section 2.4) and is reported as the spread of the results.

3. Results
3.1. Transient Behaviour

Figure 3 shows the time courses of the flue gas temperature in the chimney and of the
heat transferred to the combustion air at regulator setting 10 (series 1.1).

The insert without the heat pipe stabilised within approximately 10 min. The flue gas
temperature then fluctuated around 232 ◦C, and the air in the intake duct was heated by
only 1–2 K. With the heat pipe installed, part of the heat from the firebox is transferred to
the intake air, and the heat flow

.
Qair increased throughout the test, from approximately

800 W to 1700 W for variant A and from 1200 W to approximately 1900 W for variant B. For
variant A, the flue gas temperature rose gradually and remained below the reference for
the whole hour, by approximately 10 K at the end. For variant B, it rose faster and exceeded
the reference after approximately 20 min.
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Figure 3. Time courses at regulator setting 10, series 1.1: (a) flue gas temperature in the chimney;
(b) heat transferred to the combustion air in the heat pipe condenser. REF—insert without the
heat pipe; A—flat evaporator; B—copper finned-tube evaporator. Values are smoothed by a 60 s
moving average.

The difference in the start-up was consistent across the tests. Variant B reached 90% of
its final output (the mean of the last 10 min) after 10–29 min, whereas variant A needed
33–42 min (time courses of all tests in Figures S1–S3). Test 5/2.2 of both variants, which
started from a warm state, is not included in these ranges, and for variant B at setting 12,
the final output refers to the 26 min record. The slower start-up of variant A corresponds to
the larger mass and heat capacity of the stainless steel evaporator with the wick. Thermal
inertia is evident in all tests with the heat pipe: the average

.
Qair over the whole test was

up to 26% lower than in the last 10 min. Within the last 10 min, the flue gas temperature
changed by not more than 2 K, i.e., within the EN 613 criterion, in 11 of the 16 tests with
the heat pipe and by less than 3 K in the others, except test B 8/1.1 (10 K) and variant B
at setting 12, at which it was still rising at 0.7–1.0 K·min−1; the heat flow to the air still
increased by up to 8% for variant A at settings 5–10 and by 9–14% for variant B at setting 12
(at most 2.3% in the other tests), so the final 10-min values of these tests underestimate the
steady-state output by an amount comparable with the differences between the variants
(Section 3.2).

3.2. Combustion Air Preheating

Table 5 and Figure 4a summarise the heat pipe output delivered to the combustion air.

Table 5. Summary of results (last 10 min; mean of series 1.1 and 2.2 ± half of their difference). P—heat
input;

.
Qair—heat transferred to the combustion air (anemometer-based upper estimate, Section 4.5);

.
Qair/P—share of the heat input; Tout—air temperature downstream of the condenser; tch—flue gas
temperature in the chimney; η—efficiency according to EN 613 (combustion chamber boundary,
O2,ref = 11%); ∆ηins—change in η relative to REF for the boundary around the whole insert (t1 = Tin).

Setting Config. P (kW)
.

Qair (W)
.

Qair/P (%) Tout (◦C) tch (◦C) η (%) ∆ηins (pp)

5 REF 4.63 31 ± 3 0.7 25.0 148.1 ± 0.8 90.33 ± 0.05 –
5 A 4.51 953 ± 15 21.1 50.1 152.1 ± 1.4 91.98 ± 0.09 −0.30 ± 0.04
5 B 4.55 1071 ± 121 23.5 55.0 158.9 ± 3.0 91.81 ± 0.46 −0.74 ± 0.23
8 REF 6.43 45 ± 4 0.7 26.3 193.4 ± 0.9 86.96 a –
8 A 6.51 1428 ± 14 21.9 65.4 192.6 ± 0.1 89.99 ± 0.04 −0.02 ± 0.07
8 B 6.47 1612 ± 116 24.9 71.2 206.9 ± 4.5 89.31 ± 0.05 −1.11 ± 0.35

10 REF 7.93 50 ± 1 0.6 27.1 234.4 ± 1.0 83.77 ± 0.08 –
10 A 7.98 1703 ± 10 21.3 73.8 220.2 ± 2.3 88.47 ± 0.02 +1.00 ± 0.05
10 B 7.87 1846 ± 36 23.5 81.2 240.4 ± 9.0 87.48 ± 0.33 −0.49 ± 0.68
12 REF 9.59 60 ± 1 0.6 26.4 262.1 ± 0.9 81.54 ± 0.01 –
12 A 9.50 2040 ± 20 21.5 85.0 246.9 ± 0.6 87.22 ± 0.20 +1.19 ± 0.13
12 B 9.51 1888 ± 110 19.8 80.9 252.9 ± 8.9 86.48 ± 0.22 +0.76 ± 0.67

a Series 2.2 only; the analyser record of test REF 8/1.1 was excluded (Section 2.5).

https://doi.org/10.3390/app162110995

https://doi.org/10.3390/app162110995


Appl. Sci. 2026, 16, 10995 11 of 20

Figure 4. Effect of the regulator setting (last 10 min): (a) heat transferred to the combustion air;
(b) change in the chimney flue gas temperature relative to the reference; (c) efficiency according to
EN 613. Large markers and lines: mean of the series; small filled markers: series 1.1 (ascending order
of settings); small open markers: series 2.2 (descending order).

In the last 10 min of the tests, the heat pipe transferred 953–2040 W to the air for
variant A and 1071–1888 W for variant B, which corresponds to 20–25% of the heat input
of the insert (an upper estimate; 10–15% with the air flow from λ, Section 4.5). This share
hardly changed with the output. The air entering the firebox was heated from 22–27 ◦C to
50–85 ◦C, i.e., by 25–61 K. At settings 5–10, the mean

.
Qair of variant B was 8–13% higher

than that of variant A (1071 vs. 953 W, 1612 vs. 1428 W and 1846 vs. 1703 W), mainly
in series 1.1 (series 2.2: −2 to +7%), and at setting 12, the order was reversed (1888 vs.
2040 W, with B still rising after 26 min). These differences are, however, comparable
with the spread between the two series of variant B, which reached up to 25% (setting 5:
950 vs. 1192 W) and exceeded the measurement uncertainty (±84–114 W). The two series
of variant A differed by at most 3.2%. Within the scatter of the data, the two designs
therefore transferred a similar amount of heat to the air. In the reference tests, the air
temperature change in the duct corresponded to a heat flow of 27–60 W, i.e., values within
the measurement uncertainty.

3.3. Flue Gas Temperature and Firebox Conditions

The two evaporator designs affected the flue gas temperature in the chimney differ-
ently (Figure 4b). At settings 10 and 12, variant A reduced the flue gas temperature by
14–15 K relative to the reference, whereas at settings 5 and 8, it remained at the reference
level (−1 to +4 K). Variant B, by contrast, increased the flue gas temperature on average
by 6–14 K at settings 5–10 and reduced it only at setting 12, by 9 K on average, with a
large spread between the series (−18 to 0 K). The temperatures in the firebox also differed
(Table 6 ). Variant A increased the mean firebox temperature by 56–101 K and the glass
temperature by 31–59 K relative to the reference, whereas variant B increased the firebox
temperature by 31–46 K and the glass temperature by 7–24 K.

Table 6. Heat pipe operating parameters and firebox temperatures (last 10 min; mean of series 1.1 and
2.2). Tvl—vapour line surface temperature; Tcl—condensate line surface temperature; p—measured
absolute pressure in the vapour line; tfb—mean firebox temperature; tgl—glass temperature.

Setting Config. Tvl (◦C) Tcl (◦C) p (bar) tfb (◦C) tgl (◦C)

5 REF – – – 165.9 105.5
5 A 86.6 58.8 1.03 221.9 136.6
5 B 99.4 71.0 1.36 197.3 120.9
8 REF – – – 213.9 131.8
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Table 6. Cont.

Setting Config. Tvl (◦C) Tcl (◦C) p (bar) tfb (◦C) tgl (◦C)

8 A 107.3 82.1 2.34 298.1 177.8
8 B 122.8 82.5 2.91 259.6 156.2

10 REF – – – 264.5 160.9
10 A 121.8 93.8 3.84 346.4 206.6
10 B 140.6 102.5 4.87 303.2 178.1
12 REF – – – 295.9 178.4
12 A 137.1 97.3 6.24 396.7 237.4
12 B 144.4 103.5 5.47 329.8 185.6

The flat evaporator, which forms a continuous surface above the flame, was thus
associated with considerably higher firebox and glass temperatures than the finned-tube
evaporator, through which the flue gas flows between the fins. The mechanism, for example,
a change in the flue gas flow pattern or radiation from the evaporator surface, was not
measured directly.

3.4. Heat Pipe Operation

The operating parameters of the heat pipe are given in Table 6 and Figure 5. The
loop pressure increased with the output to 1.0–6.2 bar for variant A and 1.4–5.5 bar for
variant B. The maximum values of 6.6 bar (A) and 6.1 bar (B) were measured at setting
12, at which the pressure kept rising until the end of the test (Figure 5b), finally at a rate
of 0.05–0.06 bar·min−1 for variant A and 0.09–0.12 bar·min−1 for variant B. The surface
temperature of the vapour line reached 87–137 ◦C for variant A and 99–144 ◦C for variant
B, and the surface temperature of the condensate line was on average 25–41 K lower.

Figure 5. Heat pipe operation at setting 12, series 2.2 (test B terminated after 26 min): (a) surface
temperatures of the vapour and condensate lines; (b) measured absolute pressure in the heat pipe.

The saturation temperature of water corresponding to the measured pressure,
98–161 ◦C, was 13–25 K (A) and 8–12 K (B) higher than the vapour line surface temperature.
Because the thermocouples were attached to the outer surface of the lines, they indicate a
lower temperature than that of the working fluid owing to the thermal contact resistance
and the heat loss from the pipe surface; other possible contributions to this difference
cannot be quantified with the present instrumentation. The measured pressure is therefore
regarded as the primary indicator of the loop state, and the surface temperatures Tvl and
Tcl, which do not enter Equations (2)–(6) and thus do not affect the heat flow and efficiency
results, are used only to describe the transient behaviour; since their deviation from the
saturation temperature differs between the variants, they are unsuitable for a quantitative
comparison of the fluid temperatures.

https://doi.org/10.3390/app162110995

https://doi.org/10.3390/app162110995


Appl. Sci. 2026, 16, 10995 13 of 20

3.5. Efficiency and Combustion

The efficiency of the reference insert according to EN 613 decreased with increasing
output from 90.3% at setting 5 to 81.5% at setting 12 (Figure 4c), which is consistent with
the efficiency of 80.0–87.1% declared by the manufacturer (Table 1). With the heat pipe,
the efficiency was higher at all settings: at settings 5, 8, 10 and 12 by 1.7, 3.0, 4.7 and
5.7 pp for variant A and by 1.5, 2.4, 3.7 and 4.9 pp for variant B. These differences are
considerably larger than the uncertainty of η (±0.2–0.4 pp). They include the preheating
of the combustion air with heat taken from the firebox; for the whole insert, the change
∆ηins was only −1.1 to +1.2 pp (Table 5, Section 4.3). At settings 8–12, the efficiency of
variant A was 0.7–1.0 pp higher than that of variant B, and the ranges of the series did not
overlap; at setting 5, the difference (0.2 pp) was within the spread of the series. A change
of the reference O2 content by ±1 percentage point (10% or 12% instead of 11%) shifts the
efficiency of the reference insert by 0.8–1.8 pp and the gains by at most 0.6 pp, without
changing the order of the configurations. The comparison is based on η rather than on the
useful heat output Pout, because the heat input at the same setting differed between the
configurations by up to 0.12 kW.

The installation of the heat pipe also affected the combustion and the firebox temper-
atures (Figure 6). The excess air ratio in the chimney decreased from 17.5 to 14.6–15.1 at
setting 5 and from 7.9 to 6.5–6.7 at setting 12. The additional pressure drop of the condenser
in the intake duct and the lower density of the preheated air may contribute to this decrease,
but the chimney draught also varied between the tests (Section 4.5). The CO concentration
in the flue gas was lower with the heat pipe (10–24 ppm compared with 18–33 ppm for the
reference, i.e., a difference of the order of the analyser accuracy of ±10 ppm). The NOx
concentrations increased with the output in all configurations, from 1–3 ppm at setting 5
to 10–12 ppm at setting 12, and were close to the reference at the same setting, except for
variant A at setting 12 (12.1 compared with 9.9 ppm), which coincided with the highest
firebox temperature. The concentrations are values measured in the chimney and were
not converted to a reference O2 content, because at 17.7–19.8% O2 the conversion to 0%
O2 multiplies them by approximately λ (6.5–17.5) and amplifies their errors (±0.2 vol.%
O2 alone changes the result by 6–20%); only the measured concentrations are therefore
compared, and no conclusion on total emissions is drawn, although with the lower λ a
conversion would only increase the CO difference.

Figure 6. Effect of the heat pipe on combustion and insert temperatures (last 10 min, mean of
the series; small markers—individual series): (a) excess air ratio in the chimney; (b) mean firebox
temperature; (c) temperature of the front door glass.
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4. Discussion
4.1. Comparison of the Evaporator Designs

Both evaporator designs transferred a similar share of the heat input to the combustion
air, 20–25% (an upper estimate), and this share hardly changed with the output (Table 5).
Within the scatter of the data, the two designs cannot be distinguished by the amount of
heat delivered to the air. They differ, however, in their dynamics, in the agreement between
the two series and in their effect on the temperatures in the firebox and in the chimney.

Both evaporators operate on the same principle of a gravity-driven two-phase loop; the
wick of A does not drive the circulation as in a capillary-pumped loop but only distributes
the liquid evenly over the heated wall, so the differences below reflect the combined effect
of the wall material and heat capacity, the geometry and joints, the wick and the filling
ratio rather than of any single feature. Evaporator B, made of copper tubes with aluminium
fins, has a lower heat capacity and no wick that may add a thermal resistance between the
wall and the boiling liquid. Consistently with this, it reached 90% of its final output after
10–29 min, compared with 33–42 min for evaporator A. However, the difference between
series 1.1 and 2.2 reached up to 25%. The cause of this difference could not be identified
from the recorded data; it indicates that the operation of the finned-tube evaporator is
sensitive to the initial state of the loop. The flat evaporator A had a considerably larger
thermal inertia, but the results of its two series differed by at most 3.2%, which is consistent
with the function of the wick in distributing the liquid over the heated wall [25,27].

The designs differed most in their effect on the flue gas and the firebox. At settings 10
and 12, the flat evaporator reduced the flue gas temperature in the chimney by 14–15 K, but
at the same time increased the firebox temperature by 82–101 K and the glass temperature
by 46–59 K. The finned-tube evaporator changed the firebox and glass temperatures less, but
at settings 5–10 it increased the flue gas temperature in the chimney on average by 6–14 K.
Possible explanations include a higher flame temperature with the preheated combustion
air [9] and the lower excess air ratio, which means less dilution of the flue gas; neither
effect was quantified in this study. These differences show that an evaporator located in
the firebox should be assessed not only by the heat it delivers to the air but also by its effect
on the flue gas temperature and on the temperatures of the firebox and the glazed front.

4.2. Operating Limits of the Heat Pipe

The loop pressure increased with the output and reached 6.1–6.6 bar at the highest
setting. For variant B, the pressure was still rising at approximately 0.1 bar·min−1 at the
end of the test, which was therefore terminated after 26 min so as not to exceed the safety
limit of 7 bar. The pressure is thus the main operating limitation of the current prototypes,
similarly to the previous study with a flat evaporator, in which it limited the duration of
the test with the heat pipe to 15 min [36]. Operation over the whole output range of the
insert will require the loop to be designed for a higher operating pressure or the heat flux
to the evaporator to be limited at the highest outputs.

The temperatures of the vapour and condensate lines were measured on the outer
pipe surface and are lower than the saturation temperature corresponding to the measured
pressure (Section 3.4). They therefore cannot be used to determine the condensate subcool-
ing or the thermal resistance of the individual components of the loop. Identifying the
component that limits the heat transfer, whether the evaporator, the condenser or the lines,
would require fluid temperatures measured inside the loop.

4.3. Efficiency and Balance Boundary

With the combustion chamber as the balance boundary, the efficiency gain according
to EN 613 was 1.5–5.7 pp and increased with the output of the insert. The gain was largest
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at settings 10 and 12, at which the flue gas temperature of the reference insert exceeded
230 ◦C. The choice of the boundary is essential for the interpretation of this value. At the
combustion chamber boundary, t1 is the temperature of the preheated air, so the efficiency
gain includes both the lower flue gas temperature and the higher temperature of the
combustion air. The heat transferred to the air (10–25% of the heat input, depending on
how the air flow is determined; Section 4.5) was comparable with the whole flue gas loss of
the reference insert (q1 + q2 = 10–18%). The evaporator, located above the flame, therefore
receives heat not only from the flue gas but also by radiation in the firebox. Part of the
transferred heat is thus circulated within the appliance rather than recovered from the flue
gas. With the boundary drawn around the whole insert including the heat pipe (t1 = Tin),
only the change in the flue gas temperature counts, and the efficiency changed by only −1.1
to +1.2 pp (∆ηins, Table 5), positive only for variant A at settings 10 and 12 and for variant
B at setting 12; for variant A at setting 12, for example, the gain of 5.7 pp at the combustion
chamber boundary consists of 1.2 pp from the lower flue gas temperature and 4.5 pp from
the air preheating. The gains of 1.5–5.7 pp therefore do not represent an improvement in
the efficiency of the whole appliance, which would require the evaporator to lower the flue
gas temperature, e.g., by taking heat from the flue gas downstream of the firebox rather
than from the firebox itself.

Previous measurements on the same appliance reported an efficiency increase of 3.4 pp
with a flat evaporator at maximum output [11,36] and of 2.7 pp on average with a tubular
evaporator [37]. These studies did not convert the flue gas volume to the reference O2

content used here, the temperature of the intake air upstream of the condenser was used as
t1 [11], and the duration of the heat pipe operation in the test with the flat evaporator was
only 15 min [36]. Because of the different evaluation conventions and test procedures, the
values are not directly comparable with the present results.

4.4. Implications for Residential Heating

The heat pipe transferred 20–25% of the heat input to the combustion air without any
auxiliary energy, i.e., approximately 200–250 W per kilowatt of heat input or 1.7–2.0 kW
for an insert with a heat input of 8–10 kW (upper estimates for the tested insert and
condenser; Section 4.5), with the air preheated by 25–61 K. Since the heat pipe itself requires
no electrical energy, it does not add a dependence on the power supply, and it can be
retrofitted to existing appliances. At the same time, the excess air ratio and the measured
CO concentration in the flue gas decreased (the latter by an amount of the order of the
analyser accuracy).

The higher glass and firebox temperatures with the flat evaporator indicate a higher
radiant heat emission from the front of the insert. The radiant and convective heat outputs
were not measured, so the effect of the evaporator design on thermal comfort in the room
cannot be quantified from the present data. In well-insulated houses, where the radiant
output of local space heaters is associated with the risk of local overheating [4,6], this effect
should be assessed by direct measurement before an evaporator design is selected.

4.5. Limitations of the Study

The results should be interpreted with several limitations in mind. The tests were
carried out on a single appliance in the summer and with one condenser, in a laboratory
at a stable temperature; freezing of the water and the start-up after freezing were not
investigated, so an installation in an unheated space would require frost protection or
a working fluid with a lower freezing point, whose different thermophysical properties
would change the heat transfer. Since the variants are complete designs, the effects of
material, geometry, joints, wick and filling ratio cannot be separated, which would require
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variants differing in a single parameter. The chimney draught (10 ± 1 Pa, mean ± standard
deviation) varied between and during the tests due to the outdoor weather, which may
have affected the excess air. Where the trends persisted, in particular for variant B at setting
12 (26 min), the final 10-min values underestimate the steady-state output (Section 3.1).
Series 1.1 and 2.2 are not independent repetitions, as they differ in the order of settings
and in the initial thermal state, so their difference expresses reproducibility under changed
conditions rather than repeatability in the sense of the GUM [40]; it was at most 3.2% in
.

Qair and 0.4 pp in η for variant A (REF: 0.15 pp) but up to 25% and 0.9 pp for variant B,
while the efficiency gains, the higher η of A than of B at settings 8–12 and the larger increase
in the firebox and glass temperatures with A were found in each series individually. The
effects of the draught and of the initial state were reduced by evaluating the last 10 min of
each test, by averaging the ascending and descending series, by using the measured air
temperatures of each test in Equations (2)–(5) and by normalising the efficiency to O2,ref,
which removes the effect of the draught on the excess air; a residual effect on the flue gas
temperature and on the heat pipe output cannot be excluded.

The air mass flow from one point velocity measurement per duct zone was
1.63–1.92 times the combustion air flow calculated from the excess air ratio and the gas
consumption in all configurations including REF, so

.
Qair may be overestimated, but the

deviation is systematic and does not affect the comparison of the evaporators. With the air
flow from λ, the heat transferred to the air would be 523–1202 W (10–15% of the heat input),
so the anemometer and λ-based values are regarded as the upper and lower estimates of
the heat pipe output, for which the air-side balance is the only measured indicator. The
efficiency is not affected, because it is determined from the flue gas side. The heat removed
in the evaporator and the useful heat output of the insert (convective and radiant) were not
measured directly. The heat pipe line temperatures are surface values (Section 3.4).

The efficiency refers to the combustion chamber boundary and to the reference O2

content of 11%, which is based on earlier measurements of the original insert, not on
measurements in this campaign; the effects of both choices are quantified in Sections 3.5
and 4.3. The gas volume was not converted to reference conditions, and the accuracies
of the thermocouples and of the gas meter in the uncertainty analysis are assumed. The
flue gas temperature was measured 38.5 cm downstream of the flue gas sampling point,
so t2 is slightly lower than at the sampling point, and η may be slightly overestimated.
This effect has the same direction in all configurations and therefore affects the differ-
ences ∆η less than the absolute values. Of these limitations, the air flow determination
changes only the absolute value of

.
Qair, equally for both variants, the choice of O2,ref and

of the balance boundary changes the absolute efficiencies and gains but not the order of
the configurations (Sections 3.5 and 4.3), and the surface line temperatures, the flue gas
thermocouple position and the assumed instrument accuracies do not affect the compari-
son, whereas the non-steady final values and the different initial states cause deviations
comparable with the differences between the variants in

.
Qair. The conclusions on the

faster start-up of B, the closer agreement of the series of A, the effect of A on the flue gas,
firebox and glass temperatures and the loop pressure as the operating limit are therefore
not affected, whereas a similar heat transfer to the air can be stated only within the scatter
of the data and the efficiency gains only for the combustion chamber boundary. These
limitations will be addressed in a further measurement campaign during the heating season,
with direct measurement of the useful heat output and with a loop designed for a higher
operating pressure.

https://doi.org/10.3390/app162110995

https://doi.org/10.3390/app162110995


Appl. Sci. 2026, 16, 10995 17 of 20

5. Conclusions
This study experimentally compared two evaporator designs of a gravity loop heat

pipe for combustion air preheating in a gas fireplace insert: a flat AISI 304 evaporator with
a glass-fibre wick and a copper finned-tube evaporator with aluminium fins. Both were
compared with a common reference at four output settings (heat input 4.5–9.6 kW), with
two tests at each setting. The main findings are as follows:

1. The heat pipe transferred heat from the firebox to the combustion air without auxiliary
energy, in the last 10 min of the tests 20–25% of the heat input based on point velocity
measurements (953–2040 W with the flat and 1071–1888 W with the finned-tube
evaporator) and 10–15% (523–1202 W) with the air flow from the excess air ratio, and
preheated it from 22–27 ◦C to 50–85 ◦C.

2. With the combustion chamber as the balance boundary and CO2 converted to the
O2 content of the original insert, the efficiency according to EN 613 increased by
1.5–5.7 pp compared with the reference, and the gain increased with the output. With
a boundary around the whole insert including the heat pipe, the change was only −1.1
to +1.2 pp, because most of the gain results from preheating the air with heat taken
from the firebox, partly by radiation; the efficiency of the whole appliance improved
only where the flue gas temperature decreased (flat evaporator at settings 10 and 12,
finned-tube evaporator at setting 12).

3. Within the scatter of the data, both designs transferred a similar amount of heat to the
air. The finned-tube evaporator reached its final output sooner (10–29 vs. 33–42 min),
but its two series differed by up to 25%, whereas those of the flat evaporator differed
by at most 3.2% under the tested conditions.

4. At settings 10 and 12, the flat evaporator reduced the flue gas temperature in the
chimney by 14–15 K and increased the firebox temperature by 82–101 K and the
glass temperature by 46–59 K. The finned-tube evaporator changed the firebox and
glass temperatures less, but at settings 5–10, it increased the flue gas temperature on
average by 6–14 K.

5. The loop pressure increased with the output and reached 6.1–6.6 bar at the highest
setting. With the finned-tube evaporator, the test at this setting was therefore termi-
nated after 26 min so as not to exceed the safety limit of 7 bar. The pressure is the
main operating limitation of the current prototypes.

6. With the heat pipe, the excess air ratio decreased by 1.1–2.9, and the measured CO
concentration in the flue gas also decreased, by an amount comparable with the
analyser accuracy (±10 ppm).

The two designs differed mainly in their dynamics, reproducibility and effect on the
firebox, glass and flue gas temperatures rather than in the heat delivered to the air; since
the heat taken from the firebox is largely circulated within the insert, an efficiency gain of
the whole appliance requires an evaporator that lowers the flue gas temperature, e.g., one
placed in the flue gas downstream of the firebox. The effect of the evaporator design on the
radiant output of the insert should be measured directly.

Future research will focus on a more pressure-resistant loop design, on the evaporator
position in the flue gas path, on the condenser, on direct measurement of the useful heat
output of the insert, including its radiant and convective components, and on long-term
measurements under heating season conditions.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app162110995/s1, Figure S1: Time courses of all tests of the reference
configuration (REF, insert without the heat pipe); Figure S2: Time courses of all tests of variant A (flat
evaporator); Figure S3: Time courses of all tests of variant B (copper finned-tube evaporator).
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Nomenclature
The following symbols and abbreviations are used in this manuscript:

Symbol Meaning Unit
Ai area of duct zone i m2

cp,a specific heat of air J·kg−1·K−1

cp,fg mean volumetric specific heat of dry flue gas MJ·m−3·K−1

CO2, CO2,ref
measured CO2 concentration and CO2 concentration converted
to O2,ref

vol.%

Hi, Hs net and gross calorific value of the gas MJ·m−3

O2, O2,ref measured O2 concentration and reference O2 content (11%) vol.%
p measured absolute pressure in the heat pipe bar
P, Pout heat input, useful heat output W
q1, q2 dry flue gas loss, water vapour loss %
.

Qair heat transferred to the combustion air W

t1, t2
combustion air temperature and flue gas temperature in
Equations (4) and (5)

◦C

tch flue gas temperature in the chimney, tch = t2
◦C

tfb mean firebox temperature ◦C
tgl glass door temperature ◦C

Tin, Tout, Tout,i
air temperature upstream of the condenser, downstream of the
condenser (flow-weighted) and in zone i

◦C

https://doi.org/10.3390/app162110995
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Symbol Meaning Unit
Tvl, Tcl surface temperature of the vapour line and of the condensate line ◦C
vi air velocity in zone i m·s−1

VCO2 CO2 volume produced per m3 of gas m3·m−3

Vp dry flue gas volume per m3 of gas m3·m−3

Vg volume of natural gas consumed m3

η efficiency %
∆η efficiency gain relative to REF (combustion chamber boundary) pp

∆ηins
efficiency change relative to REF for the boundary around the
whole insert

pp

λ excess air ratio –
ρ air density kg·m−3

τ test duration s
EPBD Energy Performance of Buildings Directive
GUM Guide to the Expression of Uncertainty in Measurement
LHP loop heat pipe
pp percentage point
REF reference configuration without the heat pipe
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