Savunma Bilimleri Dergisi, 2026

SAVUNMA BILIMLERI DERGISI
Journal of Defense Sciences

https://dergipark.org.tr/tr/pub/khosbd

Enhancing Combi Boiler Efficiency through Waste Heat Recovery
Using a Copper-Finned Counter-Flow Heat Exchanger

Bakir Kanatgikli Ters Akisl Isi1 Degistirici Kullanilarak Atik Isinin Geri
Kazanimi Yoluyla Kombi Kazan Verimliliginin Artirilmasi

Faruk KILIC ¥ (2} Abdulkadir KOCER 2 () Mustafa GOKTAS 3
! National Defence University, Mechanical Engineering, Ankara, Tiirkiye
2 Akdeniz University, Vocational School of Technical Sciences, Antalya, Tiirkiye ®

8 Gazi University, Vocational School of Technical Sciences, Ankara, Tiirkiye

Makale Bilgisi Highlights

Arastirma makalesi o Copper fins efficiency: The use of copper fins increas y effiCiency from 9.3% to
Basvuru: 22.06.2026 14.8%. o

Duzeltme: 23.07.2026 o Ajr preheating impact: The fresh air temperatf® enter) mbustion chamber rose from 13
Kabul: 20.08.2026 K to 26 K

Keywords o Numerical validation: Experimental and numeri owed deviations of 4.77% for the

Waste Heat recovery, '
Heat Transfer oo, Thermal performance: The thermo-hy: arameter was calculated as 0.62,

Cooper Fins, providing a reference value fq’pt' ald .
Double Pipe, Graphical Abstract

Heat Exchanger

Anahtar Kelimeler V
. Combi Boiler t l - B
Atik Is1 Geri Kazanimi, [ y -
Is1 Transferi, + é e A e N ' Gost Reduction |
Bakir Kanatgik, _ Fresh Alr ‘ - ‘ ‘E’):cr:a:ing‘ ‘ ~p ‘ and
Boru (;If[l, cnppa:ﬁ:‘iﬂ e | o /: "\,_ aste Hea _,/" Efficiency Improvement -//
Is1 Degistirici ) )
Abstract
Natural gas-fired com sed to meet domestic hot water and space heating demands. Waste heat recovery
is important for impgbving energy e cy and reducing environmental impacts. In this study, a double-pipe heat exchanger

Ivity and the large surface area provided by finned structures was experimentally and
the fresh air supplied to the combustion chamber decreases the fuel required for water

utilizing copper's
numerically i

esults showed that the flue gas outlet temperature decreased by approximately 6%. Heat recovery
9.3% to 14.8% with the use of copper fins, while the inlet air temperature increased from 13 K to 26

Dogal gazla ¢alisan kombiler, konutlarin sicak su ve isinma ihtiyaglarini karsilamak amaciyla yaygin olarak kullanilmaktadir.
Atik 151 geri kazanimi, enerji verimliliginin artirilmast ve ¢evresel etkilerin azaltilmasi agisindan énemli bir role sahiptir. Bu
calismada, bakirin yiiksek 1s1l iletkenligi ve kanat¢ikli yapilarin sagladigi genis yiizey alant avantajlarimdan yararlanilarak
gelistirilen ¢ift borulu bir 1s1 degistiricisi deneysel ve sayisal olarak incelenmigtir. Yanma odasma giren taze havanin énceden
wsitilmasi, suyun isitilmast igin gerekli yakit miktarini azaltmaktadir. Bu amagla, gelen taze hava ile digar: atilan baca gazi
arasindaki 151 transferi, boru sistemine bakir kanatciklar eklenerek iyilestirilmistir. Diiz boru ve bakir kanat¢ikli boru
tasarimlarindan elde edilen deneysel sonuglar sayisal sonuglarla karsilagtirilmigtir. Sonuglar, baca gazi ¢ikis sicakhiginin
vaklasik %6 oraninda azaldigint géstermistir. Bakwr kanat¢ik kullanimiyla isi geri kazanim verimi %9,3'ten %14,8'e yiikselmis,
kombi giris havasindaki sicaklik artist ise 13 K'den 26 K'ye ¢ikmistir. Sayisal ve deneysel sonuglar arasinda Nusselt sayisi ve
siirtiinme katsayisi agisindan swrasiyla %4,77 ve %5,36 fark bulunmustur. Bakir kanatciklarin sagladigi iyilestirilmis s
transferi sonucunda Nusselt sayisinda %3,98 artis elde edilmigtir.
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1. INTRODUCTION

Heating needs of buildings constitute an
important part of global energy consumption [1].
In order to meet this increasing energy needs
every year, various energy sources are used [2].
The fact that energy resources are limited and the
need for energy consumption is constantly
increasing, increasing the efficiency in energy use
becomes more important. In countries with
insufficient energy resources, residential heat
needs can be provided with environmentally
friendly natural gas. Heating of the living
environments and daily use water in the houses
was provided by the combi boiler in which
natural gas is used as fuel. Combi boiler was a

heat exchanger used to heat the daily domestic

water and central heating water of the hea‘

. N
released by the burning of natural gas. Various
studies were carried out to increase efficiengy o

combi boilers for energy saving [3, 4].

One of the methods applied to

costs in meeting space heati
needs was the use of s en

boiler systems. In

integration of combi boiler

In this simulation

system increased due to the heating of the colder
space heating circuit instead of the hot water in a

buffer boiler with solar collectors [6].

Studies to increase boiler operating efficiency
focus on the improvement of the heat transfer in
the combustion chamber and the recovery of the

heat thrown out with the burned air and exhaust

gas. A new type of heat exchanger has been
proposed for the heating of cold water in a study
for the recovery of heat loss by flue gas [7]. By
reducing the flue gas pipe diameters, the boiler
efficiency has been improved by increasing the
heat transfer surface area. In addition, the size of

the heat exchanger has been reduced.

A numerical study has been carrieg out on the

lue gas enthalpy [9]. A heat
1 gas compressor and cooler was
e system. The heat in the flue gas with
eat pump was used to heat the cold water.
While operating costs have increased by 2% to
13%, CO2 gas emissions have also decreased.

In the study of Balci et al. in 2019, preheating was
done using flue gas before the domestic water
entered the heat exchanger [10]. In the study, in
which a boiler with a condensing system was
used, transitive analyzes were carried out to
reveal the effects of the condensation mass, phase
change temperature and flow rate of the domestic
water. It has been determined that the designed
system increases the efficiency of the combi
boiler and the domestic water is heated in a much

shorter time.

The thermodynamic efficiency of waste heat
(EGR-CWR-

WHRCB) was calculated using thermodynamic

recovery condensing boilers

analysis and compared with other boilers. In the



proposed system, both condensate water and
fresh air temperature were increased with exhaust
gas. According to the thermodynamic analysis of
this proposed method, the boiler efficiency has
improved significantly [11].

In order to increase efficiency in the condensing
heat exchanger, the dehumidification of the fresh
air by heating and the recovery of the waste heat
in the exhaust gas were mathematically modeled.
In this study by Wang et al., it was seen that the
boiler efficiency could be improved up to 3%
[12].

Fins are used on the convection surfaces to

improve heat transfer [13]. Despite the
disadvantages such as friction and pressure drop,

fins enhance heat transfer by increasing the

. . @
transition surface [14]. In many studies, @n

geometry and fin layout have been tried to be
optimized [15, 16]. Turbulators are prefgfred

improve the heat transfer between the pige and

difference is
molecules
shown that turbulators
increase
[20, 21]. The combined use of
turbulator and fins further improves heat transfer
[22].

efficiency in heat

In hermetic combi boilers, the exhaust gas is
discharged from the house, and the fresh air was
taken from the outside thanks to the nested pipe
pair. Some of the waste heat carried by the flue

gas was transferred to the fresh air entering the

combi boiler, thus both reducing the humidity of
the incoming air and increasing its temperature.
Various research was also carried out to increase
the heat transfer between the fluids passing
through the nested pair of pipes. According to a
study conducted in 2021, the efficiency of heat

transfer between the two fluids improved by

approximately 38% with the use of helical fins in

investigated the effect gf di
heat transfer on the MestédMybe

dystem to preheat fresh air using flue gas
enthalpy. By increasing the inlet temperature of
the fresh air, higher temperature was achieved in
the combustion chamber. Also, experimental
work has simulated numerically with the CFD
approach. The numerical analysis was conducted
in ANSYSS Fluent steady-state case.

2. MATERIAL AND METHOD

2.1 Experimental Setup

Hermetic combi boiler with fan was Demir
Dokim brand C 275 F model in the experiments
carried out in the counter flow chimney. It is
domestic type and was operated with natural gas

in the experiments (Table 1).



Table 1: Technical specifications of combi boiler

Specification Value

Fuel type Natural gas

Rated thermal power 275 kW (Kcal./min)
Rated thermal load 328 kW (Kcal./min)
Gas inlet pressure (Natural gas) 200 mBar (mmSS)
Gas consumption (Natural gas) 2.43 m3/h
Minimum water pressure 0.1 bar (mSS)

Water flow range 2.7-11 l/min

Temperature measurements were made at five
important points in the heat flow. T1 and T3 in
region 1 and T2 and T4 in region 2 were aligned
on the vertical axis (Figure 1). Care has been
taken to avoid contact between thermocouples
and aluminum pipes, as air temperatures will
cause incorrect measurement in case of contact

with the aluminum pipe.

Zone 2

<’

- KITCHEN

Ta

B-e M }—

LEFEESET™\
V4

fixed with tabs for safety purposes so that the pins

do not gouging. Pins and pipe insertion were of
great sensitivity. Contact surface roughness,
which is the first of this sensitivity, has been
ignored. Secondly, since the gas passage between

the inner and outer pipes will cause a significant

Figure 1: The experimental setup.

measurement error, careful assembly has been

made by paying attention to their tightness.

Arduino (UNO) was an electronic board with
microcontroller. Atmel brand Atmega 328 / P
series microcontrollers were used in Arduino
board. The microcontroller, which did not require
an external programmer, makes the ready-made
hardware easier to control thanks to its open-

source software infrastructure.
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Figure 2: The copper finned inner pi d dim %(s
Arduino UNO has 16Mhz processor, 2 Kb RAI\‘
and 32 Kb program memory used in syste = (ap/ LZ)D )
2pv
design. It can be powered from the connegte P
computer via the USB socket. Temg@eratu Nug,
measurements were measured wjth a Upt
thermocouple at five points ,
Thermocouples operate w f 0.25 fot
NER
THPP = T (5)
(FFER)3

pressure drop, also the Nusselt number, friction

factor, Nusselt enhancement ratio (NER), friction
factor enhancement ratio (FFER) and thermo
hydraulic performance parameter (THPP) are
calculated by Equation 1-5 [26,28].
b
k

Nu=h (1)

2.2 Numerical Analysis
Numerical analysis was needed to solve
engineering problems where there were equations
that cannot be solved analytically by formulas.
The experimental work was also simulated
numerically with the CFD approach. Also,
numerical results of Nusselt number and friction
factor for the smooth pipe were computed and
validated with equations of Dittus-Boelter and

Blasius as given Equation 6-7 [25].



Nu = 0.024 Re®8 pr0+ (6)

f = 0.085 Re~025 @)

Grid independency test is a very important

parameter in numerical analysis, also the
accuracy of the analysis depends on the mesh
structure (Figure 3). Table 2 shows the
independence test for the grid. 5 different cell
numbers were tested to validate the model. When
the number of elements increased from 465738 to
587877, the wvariation in Nusselt number is
0.58%. Based on the grid independency test
519808 elements are used for numerical analysis

(Table 2).

X \WAVAVAVAVAYS
u'ﬂ#l#.vr‘,v‘v X

Figure 3: The mesh t@merical.

Table 2: Grid independency test

Element Number  Nusselt Number Relative Error

465738 42.207 -

489599 41.934 0.65%
519808 42.827 2.13%
551690 43.076 0.58%
587877 42.732 0.80%

The finite volume methods are used f

e only for the energy equation.
tiop”and validation of the turbulent model
gfgnificant to forecast the enhancement of the
heat transfer coefficient for geometry in
numerical analysis. in this study, RNG k-£ model
is used for turbulent flow in the heat exchanger.
RNG k-¢ model, which is the most used in
literature and has been experimentally proven,

has been chosen [26-28].

d
a—(Pui) =0 (8)
Xi
a( ) = 6p+6 Dy, 6uj+a( i) 9
3, puu;) = 5, "o, I 5, o, 5%, pU, U, ©)
% ouT) = —— |+ (10
—(puT)=——| (t+71)—
o 2, N
where T and 1t are molecular thermal diffusivity U 1)
T=—
and turbulent thermal diffusivity, respectively, pr
expressed as;
Hi
Ty = — (12)



2.3 Uncertainty Analysis

The validity of an experimental setup depends on
the accuracy of the experimental setup. Data
obtained from experiments were obtained using
appropriate equipment. Uncertainty analysis is
one of the most important indicators of the
accuracy of experimental studies. The accuracy
of measurements during experiments depends on
errors, one of the most important parameters.
Even if the devices used to obtain experimental
data are of the highest quality, there is uncertainty
in the experimental data due to errors such as the
device connection method, test planning, the type
of measuring devices, and the attention of the
experimenter. Analysis of this uncertainty is a

calculable method. Eq. (13) is used in calculating

total uncertainty [29, 30]. °

2

employed 1n the experimental setup are presented
in Table 3. As evidenced by the data, the

uncertainty levels of the experimental results

remain within acceptable limits, thereby

validating the reliability of the measurements

conducted.

Experimental data were obtained by measuring
with a suitable measuring device. The precision
levels of the experimental setup are important for
the experimental data to be considered valid.

Uncertainty analysis is a common method used in
planning experimental studies. The accuracy of

experimental data can be significantly affected by

measurement errors. Therefore, en if the

) | (13)

Table 3: Technical
measurement equipment

specifications of the

Measurement  Measuring - Total

- Precision .
device range Uncertainty
Thermometer ~ 0-120 °C +0.1°C +0.075 °C
Thermocouple  0-1200°C  +0.1°C +%0.15 °C
ANemometer g 56 ys  10.01mis  +%0.011 mis

(Air velocity)

3. RESULTS AND DISCUSSION

Before each experiment, data was taken after the
flue gas temperature reached the ambient
temperature so that the system would reach
equilibrium. Thus, possible errors are fixed.
Experiments were carried out in the active combi
system. For this reason, the air inlet velocity is

constant and is 1 m.s. The air inlet temperature



is 273.15 K. The numerical study performed was
confirmed by both experimental results and
correlations in the literature. After the procedure,
there was a deviation of 3% with the Dittus-
Boelter correlation and 4.77% with the
experimental data for Nusselt number. This

deviation is 7.5% in the Blasius correlation and

5.36% in the experimental results for the friction
factor. Nusselt enhancement ratio (NER), friction
factor enhancement ratio (FFER) and thermo
hydraulic performance parameter (THPP) are
calculated by Equation 2-6. Comparison results
are given in Table 4 and Table 5.

Table 4: Enhancement rate values

FFER THPP °

NER
Numerical 1.041
Experimental 1.048

Deviation

4591 0.62

4.513 0.63

Straight tube raight tube  Copper finned
Nu 12.12 12.73 13.34
f 0.010: 0.0113 0.051
Tin (inner tube, T1), K 433.15 3.15 433.15 433.15
Tout (inner tube¢ 369.21 390.65 371.65
Tin (outeyglibe, K 73.15 273.15 273.15 273.15
Tout‘uter tubSE3), 286.19 299.06 285.65 301.15

inlet air temperature

. In the system where

efficiency of the system, the average temperature
changes in the inner and outer tube are given in

Figure 4 and Figure 5.
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In additi the aplication of copper finned,

the eratfe e air discharged to the
outs | d by another 24 K, resulting in
heat gal perature distributions are given

Figure 6 and Figure 7. When the figures are

examined, it can be observed that the air inlet
temperature increased with the addition of copper
fin. Also, turbulence due to copper fin can be

observed in the air inlet temperature profile.
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Temperature
Contour 1
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< e
0 0.300 (m)

I 20
0.150

379.281 a)

Figure 7. Temperature distributions. (a: straight tube, b: copper finned)

As the fluid encounters the copper finned, a
decrease in velocity and a decrease in pressure
occur. If the pressure drop is higher than normal,
it causes additional pumping costs. The pressure
distribution in the straight tube and the copper
finned tube is shown in Figure 8 and Figure 9.

When the figures were examined, pressure losses
caused by the fins were revealed. this is expected.
However, this type of fins applied to increase heat
transfer should be designed considering the
pressure drop. The THPP value reveals exactly
the result of these two situations.
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Figure 8: Pressure distributions. (a: straight tub&.b: copper finned)
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I 0000
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Figure 9: Pressure distributions. (a: straight tube, b: copper finned)

Non-slip boundary conditions are applied on all pipe pair, and velocity distributions are given in
surfaces of the walls for the nested counter flow Figure 10.
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Figure 10: Velocity distributions. (a: straight

As shown in the velocity contours, vortices fogﬂ
around the copper fins. Such eddies help disrup
the boundary layer, and the fluid mixing ts
in improved thermal behavior and redugtion

environmental temperature gradiejfs.

Ny

e, b: cQpper finned)

The same is summarized in Table 6.

Taqe 6: arj
4

n of heat transfer enhancement with the literature

Enhancement Method

Reported Result

Copper fins in nested tube pair
(combi boiler)

Nu +3.98%; heat recovery
efficiency 9.3% — 14.8%; THPP
=0.62

Helical fins in double pipe HX

~38% increase in heat transfer rate

aakdul et al. [24]

Helical fins, air-to-water double
pipe HX

Significant heat transfer increase,
but also a notable rise in pressure
drop

Perforated turbulators in double
pipe HX

Sheikholeslami and Ganji [17]

Notable enhancement in heat
transfer coefficient with a pressure
drop penalty

Heat pump-assisted flue gas heat
recovery (biomass boiler)

Hebenstreit et al. [9]

Operating cost increased by 2—
13%; CO2 emissions decreased

The enhancement of heat transfer obtained with

the copper fins in the present study (3.98%

more moderate than the enhancement

eat transfer enhancement achieved
nt study was also compared with the
d turbulator based enhancement techniques
reported in the literature for similar double-pipe

or nested-tube heat exchanger configurations.

increase in Nusselt number, THPP = 0.62) is

levels



reported for helical fin configurations in double-
pipe heat exchangers, where increases up to
approximately 38% were obtained [23, 24], as
shown in Table 6. However, the helical fin and
perforated turbulator studies also reported a much
higher pressure drop penalty [17, 24]. In contrast,
the present copper-finned configuration presents
a better tradeoff between heat transfer
enhancement and pumping power requirement as
observed in the THPP value calculated above
unity. The passive heat recovery offered by the
copper-finned approach studied here has no
additional energy input. On the other hand, heat-
pump-assisted flue gas recovery systems improve
the efficiency at an additional operating cost [9].
These comparisons show that the relatively more
aggressive fin or turbulator geometries mayy
provide higher raw heat transfer enhanceme%

but the copper-finned nested-tube configurati
can be considered as an easier and inexpensi

retrofitting solution and hydraylicall

attractive for waste heat recovery ™ _domestic

combi boilers.

Ing efficiency,
by adding copper

operating efficiency of the boiler has also
increased. The numerical study was validated
experimentally with a difference of 4.77% and
5.36% in terms of Nusselt number and Friction
factor, respectively. A heat transfer increase of
3.98% was obtained in the Nusselt number due to

the use of copper fins. While the exhaust air

temperature (T2) in the hermetic combi boiler
system decreased around 40 K, the temperature
difference was around 64 K via the copper fins
application. Thus, the heat gain increased from
9.3% to 14.8%. The air inlet temperature
difference of the combi boiler increased from 13
K to 26 K. The surface was increased with copper

finned and the thermo-hydraulic

requirement was adopte‘:i for. of
the flow parameters a® this culated
as 0.62. Research that will be a

to that should be considered. The
erl nalysis was carried out under steady-
conditions, and the transient thermal
response of the system during start-up and
shutdown of the combi boiler was not
investigated. The experiments and simulations
were performed for a single air inlet velocity (1
m/s) and a single combi boiler model (Demir
Dokim C 275 F); therefore, the generalizability
of the results to other flow rates, boiler capacities
and geometries requires further verification. The
contact resistance between the copper pins and
the aluminum inner tube was neglected in both
the experimental and numerical analyses, which
may introduce a minor deviation from the actual
thermal performance. In addition, only the RNG
k-¢ turbulence model was employed in the CFD
simulations, without a comparative sensitivity
analysis against other turbulence models. Long-
term effects such as corrosion, fouling and

degradation of the copper fins under continuous



operating conditions were not evaluated and

remain an important direction for future work.

Although economic analysis was beyond the
scope of the present study, future work will
include a detailed economic evaluation of the
proposed copper finned-tube design for waste
heat recovery in domestic boilers. This will allow
assessment of the cost-effectiveness and practical

applicability of the system.

Nomenclature

Nu Average Nusselt number

Nufin Average Nusselt number copper finned tube

Nupt Average Nusselt number straight tube

Re Reynolds number

h Convective heat transfer coefficient

k Thermal conductivity o
o

f Friction factor

AP The pressure drop

p Density

9 Velocity

D Hydraulic diameter

L Tube length

Pr

Tin

Tout

NE

THPP rmo hydraulic performance parameter
T1 2. zone exhaust gas temperature, K

T2 1. zone exhaust gas temperature, K

T3 2. zone exhaust gas temperature, K

T4 1. zone exhaust gas temperature, K

Ta Ambient temperature, K
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