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EFFECT OF NANOPARTICLES ON THE COUPLING OF TURBULENCE AND HEAT
TRANSFER IN PIPE FLOWS WITH HEAT FLUX

Abstract: Enhancing the efficiency of heat transfer processes remains one of the key challenges in
modern energy and thermal engineering. Conventional working fluids, such as water and ethylene glycol, are
limited in terms of thermal conductivity and heat capacity, which reduces their potential under high heat flux
conditions. One of the promising approaches is the use of nanofluids — suspensions of nanoparticles in a base
liquid that can modify its thermophysical properties and improve heat transfer performance.

This study presents a numerical investigation of the flow of water and TiO,-CuO nanofluid in a U-
shaped tube channel under a constant heat flux. Computational fluid dynamics (CFD) was applied to analyze
the distribution of turbulent kinetic energy (TKE), pressure variations along the channel, as well as integral
heat transfer parameters: the heat transfer coefficient and heat absorption.

The results showed that water exhibits higher turbulent activity, with maximum TKE values reaching
1.9-10°° m?/s?, while the overall pressure drop is about 230 Pa. Its relatively low thermal conductivity (0.6
W/m-K) leads to a temperature rise of 5-7 °C at the outlet. For the TiO,-CuO nanofluid, turbulence intensity
decreases on straight sections (10-%-10-° m?/s?) and the pressure drop increases up to 270 Pa due to higher
viscosity. However, improved thermophysical properties — thermal conductivity (0.702 W/m-K) and density —
ensure more effective heat removal, with outlet overheating reduced to 4-5 °C.

Comparative analysis of heat absorption and the heat transfer coefficient revealed the advantage of
the nanofluid: h=68.3 W/(m?-K), Q=143 W compared with water (h=67.6 W/(m?-K), Q=141.8 W). These results
indicate that TiO.-CuO nanofluid provides higher heat transfer efficiency with an acceptable increase in
hydraulic losses, making it a promising coolant for compact and high-load thermal systems.

Key words: nanofluid; TiO,-CuO; CFD modeling; turbulent kinetic energy; thermophysical properties.

Introduction

Modern heat transfer tasks — from solar energy systems to compact heat exchangers —
impose high requirements on the efficiency of working fluids. Conventional liquids such as water,
ethylene glycol, and their mixtures are limited in thermal conductivity and heat capacity, which often
prevents them from achieving the required heat flux in compact designs. One promising solution to
this problem is the use of nanofluids - suspensions of nanoparticles (1-100 nm in size) in a base
liquid, which can enhance the thermophysical properties of the system. Research in this field has
demonstrated that the addition of nanopatrticles can improve thermal conductivity, increase effective
heat capacity, and influence heat transfer due to Brownian motion, microscale thermal convection,
and other effects [1-6].

Despite numerous experimental and theoretical studies, several key issues and
contradictions remain:

1 Ambiguity of turbulence influence. Many studies emphasize the intensification of turbulent
pulsations kinetic energy (TKE) as one of the main mechanisms of enhanced convective heat
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transfer [7, 8]. However, with increased viscosity of nanofluids, small-scale vortices may be
suppressed, reducing TKE. At the same time, heat transfer can remain at the same level or even
improve due to higher thermal conductivity and heat capacity, which means the effect does not
directly depend on turbulence.

2 Interdisciplinary nature of the problem. An adequate evaluation of nanofluid efficiency
requires considering not only hydrodynamics Reynolds number (Re), but also the combination of
thermophysical properties: viscosity, thermal conductivity, heat capacity, and density. Many studies
focus only on thermal conductivity or changes in the Nusselt number (Nu), without analyzing how
variations in properties affect the entire heat transfer process. Alami et al. (2023) critically note that
the literature often underestimates the importance of the property complex and may overestimate
the potential benefits of nanofluids [9].

3 Non-uniform experimental and modeling conditions. Different studies employ varying
boundary conditions, such as fixed mass flow rate, different heat fluxes, and geometries [10]. This
complicates direct comparison of results and often requires assumptions that may distort
conclusions.

While many studies report convective enhancement with nanofluids, the literature rarely
decouples turbulence intensity from property-driven effects under identical thermal loading and
geometry. In particular, few works jointly examine how reduced turbulent kinetic energy (TKE) can
coexist with higher overall heat transfer when thermal conductivity and density improve but viscosity
rises. To address this gap, we perform a controlled computational fluid dynamics (CFD) study in a
U-shaped tube at fixed wall heat flux and inlet temperature, comparing water and a TiO,-CuO
nanofluid. Our contribution is to (i) quantify the interplay between TKE, pressure loss, and integral
heat-transfer metrics (h,Q) under matched boundary conditions; (ii) show that modest gains in h and
Q are achievable even with lower TKE, attributable to property changes rather than turbulence
intensification; and (iii) provide unit-consistent, reproducible inputs and reporting that facilitate
comparison with future experiments and models.

Note on suspension stability and reproducibility. Reported thermophysical properties of
nanofluids are sensitive to colloidal stability, which depends on pH control, the choice/dosage of
surfactants or polymeric dispersants, and the -potential (as a rule of thumb, |¢| = 30 mV indicates
electrostatic stabilization). For hybrid TiO»-CuO systems, stability protocols should specify sonication
time/power, aging time, and sedimentation observations (e.g., turbidity or UV-vis). Because stability
directly affects effective k, y, and c,, we report input properties with units and uncertainties and
discuss that small increases in y may suppress small-scale turbulence while improved k can still
raise h under fixed heat flux.

In this context, the aim of the present work is to perform a comparative analysis of two heat
transfer fluids (water as the base liquid and a nanofluid) under a fixed heat flux and fixed inlet
temperature, using both numerical approaches (CFD with evaluation of TKE) and classical
correlations of heat transfer coefficients. The main focus is on clarifying whether a nanofluid can
demonstrate comparable or improved heat transfer despite lower turbulence levels, due to its
enhanced thermophysical properties.

Methods

For the numerical analysis, a section of a tubular heat exchanger designed as a U-shaped
tube was considered. This configuration was chosen deliberately: the straight sections make it
possible to trace the development of the turbulent regime at the inlet, while the bend allows the study
of secondary flow formation and its effect on temperature distribution. Such a model is convenient
for comparing different heat transfer fluids under conditions close to real operation.

The inlet condition for both cases was a coolant temperature of Ti, =20°C. A constant heat
flux of g=1000 W/m?was applied to the channel wall, ensuring comparability of regimes when using
different working fluids.

Two variants of coolants were selected for analysis: water and the TiO»-CuO nanofluid, which
represents a suspension of titanium dioxide and copper oxide nanoparticles in water. This choice
was motivated by the high thermal conductivity and chemical stability of TiO,, as well as the
enhanced thermal conductivity of CuO, which makes the combination promising for use in heat
exchange systems.

The thermophysical properties of the working fluids are presented in Table 1. The data show
that the nanofluid has higher density and thermal conductivity compared with water, while also being
characterized by increased viscosity and somewhat lower heat capacity. This combination of
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properties determines both the improvement in heat transfer efficiency and the increase in hydraulic
losses.

Table 1 — Thermophysical properties of water and TiO»-CuO nanofluid

Property Water Nanofluid TiO2-CuO
Density 998,2 kg/m? 1161 kg/m3
Heat capacity 4182 J/kg-K 3533,6 J/kg-K
Thermal conductivity 0,6 W/m-K 0,702 W/m-K
Viscosity 0,001003 kg/m-s 0,0011533 kg/m-s

The channel model included two straight sections and a smooth bend (Figure 1). Such a
design makes it possible to simultaneously evaluate the development of the boundary layer and the
features of heat transfer in the region of the increased pressure gradient arising at the bend.

Figure 1 — Geometry of the investigated channel

For the discretization of the computational domain, a hybrid mesh was used, consisting of
prismatic elements along the walls and tetrahedral elements in the channel volume. This approach
made it possible to combine high accuracy in the near-wall region with optimized computational cost
(Figure 2).

Figure 2 — Computational grid with local refinement in the near-wall region

Results and Discussion

The maximum values of turbulent kinetic energy (TKE) reach approximately 11.9-10- m?/s2
and are observed in the bend region of the tube, which is associated with the formation of secondary
flows and the intensification of velocity fluctuations (Figure 3). In the straight sections, TKE remains
relatively low and uniform, at the level of 105-10“ m?/s2, which reflects the stabilization of the flow.
Due to its low viscosity, water promotes freer development of turbulent fluctuations, which intensify
when the flow direction changes.

Figure 3 — Distribution of turbulent kinetid energy in the channel (working fluid — water)

The pressure distribution is shown in Figure 4. Pressure decreases smoothly from =233 Pa
at the inlet to values close to zero at the outlet. The highest gradients are recorded in the bend
region, where the pressure drop is about 50-70 Pa over a short section. The pressure decrease is
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associated with hydraulic losses due to friction and the redistribution of velocities during curvilinear
motion. For water, the total pressure losses are relatively small (about 230 Pa along the entire
channel length) due to its low viscosity, which makes it an effective base coolant under moderate
loads.

Figure 4 — Pressure distribution along the channel (working fluid — water)

The simulations showed that water is characterized by:

— higher TKE values compared with the nanofluid;

— relatively low pressure losses;

— uniform heating along the channel, with a noticeable temperature increase at the outlet.

Therefore, water provides intensive turbulent mixing; however, its efficiency is limited by
relatively low thermal conductivity. This forms the basis for comparison with the TiO»-CuO nanofluid,
which has a different balance of thermophysical properties.

Figure 5 shows the pressure distribution during nanofluid flow. In the case of the nanofluid,
the pressure values are higher compared to water: they reach =268 Pa at the inlet and decrease
almost to zero at the outlet. This is associated with the increased viscosity of the TiO,-CuO
suspension and leads to greater hydraulic losses along the channel. The most pronounced pressure
drop is observed in the bend region, where the local gradient reaches about 60-80 Pa over a short
section.

Figure 5 — Pressure distribution along the channel (working fluid — TiO2-CuO nanofluid)

The distribution of TKE for the nanofluid is shown in Figure 6. The values of turbulent kinetic
energy are lower than in the case of water: in the straight sections, the values are only 106-10°
m?/s?, whereas for water they reached 10°-10* m?%/s2. This is explained by the higher viscosity of the
suspension, which suppresses small-scale vortices and reduces the intensity of turbulent
fluctuations. In the bend region, the TKE maximum of about 1.9-10-3 m?/s? is preserved; however, its
level is lower compared to the base fluid, where more extensive areas of increased turbulence were
observed.

Figure 6 — Distribution of turbulent kinetic energy (working fluid — TiO»-CuO)

For the TiO,-CuO nanofluid, the following features are observed:
— a greater pressure drop compared to water, which is associated with increased viscosity;
— preservation of the overall flow pattern, but with a less pronounced turbulent structure.
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Despite the reduction in turbulence, the heat transfer efficiency of the nanofluid remains high
due to its improved thermophysical properties — thermal conductivity and heat capacity. This is
further confirmed by the results of heat absorption and heat transfer coefficient analysis, presented
in Figure 7.

67.6 1418 68.3 143

Surface heat transfer coeff. (W/(m2K))
Absorbed heat‘ON) -

‘Water TiO2-CuO/DDW
Coolant

Figure 7 — Comparison of heat absorption and heat transfer coefficient for water
and TiO2-CuO nanofluid

Figure 7 clearly illustrates the differences between the two coolants. For water, the heat
transfer coefficient is 67.6 W/(m?-K), while heat absorption is 141.8 W. For the TiO,-CuO nanofluid,
the values are slightly higher: the heat transfer coefficient reaches 68.3 W/(m?-K), and heat
absorption is 143 W.

The results indicate that the nanofluid exhibits a small but consistent advantage in both heat
transfer coefficient (+1%) and heat absorption (+0.8%). This confirms the effectiveness of using
composite coolants in compact channels and under high thermal loads.

Conclusions

The numerical study made it possible to compare the thermohydraulic characteristics of water
and the TiO2-CuO nanofluid in a U-shaped tubular channel under an imposed heat flux.

The results showed that:

1 Water is characterized by higher turbulent activity: the maximum values of turbulent kinetic
energy reach =1.9-107® m?%s?, while in the straight sections they remain at the level of 10-5-10"* m?/s?.
The pressure losses amount to only about 230 Pa along the channel length. However, the thermal
conductivity of water (=0.6 W/m-K) is limited, which reduces heat transfer efficiency: the outlet
temperature rise is =5-7 °C.

2 The TiO2-CuO nanofluid shows the oppaosite behavior: turbulent kinetic energy is lower (10
6-10°° m?%/s? in straight sections, with a maximum in the bend also around 1.9-10 m?/s?). The inlet
pressure is higher (=268 Pa), and the pressure drop across the channel is about 270 Pa due to
increased viscosity. At the same time, the improved thermophysical properties - thermal conductivity
of 0.702 W/m-K and higher density — provide more efficient heat removal, resulting in a smaller
overheating of the fluid (=4-5 °C at the outlet).

3 A comparison of heat absorption and heat transfer coefficient showed that for water, the
total heat absorption was 141.8 W with an average heat transfer coefficient of 67.6 W/(m?-K), while
for the TiO.-CuO nanofluid, heat absorption was 143 W and the heat transfer coefficient 68.3
W/(m?:K). This indicates that water provides higher integrated heat absorption due to more
developed turbulence, while the nanofluid demonstrates a slightly higher heat transfer coefficient
owing to its enhanced thermal conductivity.

The use of TiO2-CuO nanofluid therefore makes it possible to increase the heat transfer
coefficient against the background of a moderate rise in hydraulic losses. These findings confirm the
potential of composite coolants for application in compact heat exchangers and systems with
increased requirements for heat transfer efficiency.
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BIMUAHUE HAHOYACTWUL, HA CBA3b TYPBYJIEHTHOCTU U TEMNNOOTAAYU NPU TENJIOBOM
NMOTOKE B TPYBAX

lNoebiweHuUe aghghekmusHocmu rpoyecco8 mernoobmeHa sigrisemcsi 00OHOU U3 Krtoyesblx 3aday
COBpEeMEeHHOU 3HepeemuKku U mernnomexHuku. TpaduyuoHHble pabodue XudKocmu, makue kKak eoda U
aMmurieHasIuKo b, 02paHUYeHbl Mo Meraonpo8oOHOCMU U mernioéMKOCMU, YMO CHUXaem UxX nomeHyuar 8
YC/108USIX 8bICOKUX MEmNIo8bix Hazgpy3ok. OOHUM u3 HarfpaesieHul peweHuss amoul 3adaqyu sensemcsi
rpumeHeHUe HaHoxudkocmel — oQucriepculi HaHodacmuy 8 b6asoeol  Xudkocmu, CrOCOBHbIX
Koppekmupogamb €€ mernioguaudyeckue xapakmepucmuku U rnogbiwams 3¢hghekmueHOCcmb menioomoayu.

B pabome nposedeHo 4yucrieHHoe uccriedogaHue meyveHusi 800bi U HaHoxudkocmu TiO»-CuO e U-
obpasHoM mpybyamom KaHase rpu MOoCMOSIHHOM Mernjo8oM rnomoke. [ns aHasu3a ucrosib308a0Ch
modenuposaHue MemoOoM  8blducriumenbHol — eudpoduHamuku (CFD), noseonuswee ouyeHUMb
pacnipedeneHue mypbyneHmHol KuHemudeckol sHepeuu (TKE), usameHeHue OaeneHusi 800onb KaHana, a
makxxe uHmeaparibHbie rnokasamesiu menioobmeHa: KoaghguyueHm mernnoomoayu U mernaoeocnpusmue.

Pesynbmamei nokasanu, 4ymo goda obnadaem 6onee 6bicokol mypbyrneHmMHoOU akmueHOCMbIO:
MakcumarbHble 3HadeHus TKE docmuearom 1.9-10° m?/c?, npu amom cymmapHoe rnadeHue OasrfieHusi
cocmasnssem okono 230 [la. OepaHuvyeHHasi mennonpogodHocmb (0.6 Bm/m-K) npusodum k pocmy
memnepamypbl Ha ebixo0e Ha 5-7 °C. [na HaHoxudkocmu TiO,-CuO xapakmepHO CHUXEHUE YPOBHS
mypbyneHmHbIx ¢hriykmyauull Ha npsiMonuHelHbix ydyacmkax (10%-10° m?/c?) u ysenudeHue nepenada
OasrieHusi 0o 270 [la, odHako 6onee ebicokass mennornpogodHocme (0.702 Bm/m-K) u nnomHocms
obecniequsarom 6onee aghchekmusHbIli 0meod merina, CHUXasi nepezpes xudkocmu 00 4-5 °C Ha ebixode.

CpasHumernbHbIl aHanu3 mennogocrnpusamusi U KoaghcpuyueHma menmoomoayu  rokasas
npeumywecmso HaHoxudkocmu: h=68.3 Bm/(m?-K), Q=143 Bm no cpasHeHuto ¢ godoli (h=67.6 Bm/(m?-K),
Q=141.8Bm). 3mu pe3ynbmamsbi ceudemenbcmaytom 0 mom, Ymo HaHoxudkocmb TiO,-CuO crnocobHa
obecriequmb boriee 8bICOKYIO 3ghgpekmusHocmb mennonepedaqyu npu  AoMycmuMoM  ysenudeHuu
aulpasnuyeckux rnomepb, 4Ymo Oenaem eé repcrnekmusHbiM mernoHocumesnem 0718 MPUMEHEeHUs 8
KOMMaKMmMHbIX U 9HEP2OHaMNPsXKEHHbIX cucmemax.
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Knro4deeblie cnoea: HaHoxudkocmb, TiO2-CuO, CFD-modenupogaHue, mypbyneHmHasi
KUHemud4eckasi aHepaus, mernsogusudyeckue ceolicmea.
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HAHOBOJILLUEKTEPAIH K¥BbIPJIAPOAF bl XXblJ1Y AfblHbl KE3IHAE TYPBYJIEHTTINIK NEH Kby
BEPINICIHIH BAUNNAHbBICbIHA SCEPI

XKbiny anmacy ydepicmepiHiH muimdinieiH apmmbipy Kasipai sHep2emuKka MeH Xblily MeXHUKaChbIHbIH
Heeizai MmiHOemmepiHiH 6ipi 6onbin mabbinadel. Cy, amumneHanukosb CusKkmbl Gacmypri XyMbIC
CyUbIKMbIKMaphbi XbITy 6MKI32ilWmiK reH XbiyCbilibIMObIbIK MYpPFbiCbiHaH wekmeyri, 6y onapobiH XXOFapbl
XKbITYIbIK XXyKmeme xardalbiHOarbl MyMKIHOIKmepiH azalimadbl. by MaceneHiH bikmumar wewimoepiHiH 6ipi
— 6asanblK cylblKmbIKmarbl HaHobenwekmep oucrnepcusicbl 607bin mabbinambiH HaHOCYUbIKMbIKMapob!
KondaHy, onap XyteHiH mepmogbusukarnblKk Kacuemmepid my3emin, Xbirly anmacyobiH muimoinieiH apmmeipa
anaoenl.

byn xymbicma mypakmbl Xbifly arbiHbl XardalbiHO0a U-mepi3di mymikweni apHadarbl cyOblH XoHe
TiO2-CuO  HaHOoCyUbIKMbIfFbIHbIH afbiHbl CaHObIK mypfbidaH 3epmmendi. 3epmmey ywiH ecenmey
audpoduHamukacbiHblH (CFD) adicmepi KondaHbinnObl, onap mypbyneHmmiK KUuHemukarsblk 3Hep2ausiHbIH
(TKQ) maparnybiH, apHa bolbiHOarbl KbICbIM €32epicmepiH, coHOal-aK Xbliy anmacyObliH uHmezpandbik
KepcemkiwumepiH e Xbirly 6epy koaghguyueHmi MeH XbiryObl CiHipy wamanapbiH — baranayra MyMKIHOIK
bepdi.

Hamuxenep kepcemkeHOel, cy xorapbl mypbyneHmmik 6ernceHdinikke ue: TKO-HIH makcumandbl
moHOepi 1.9-1073 M2/c2-2e xemedi, an KbiCbIMHbIH Xannbl mycyi wamameH 230 [lla Kypalobi. XKbiny
emkizziwmieiHiH wekmeyni 6onybl (0.6 Bm/m-K) wbirbicmarsl memnepamypaHbiH 5-7 °C-ka OediH
kemepinyiHe okenedi. TiO,-CuO HaHocyUbIKMbifbiIHA My3y ydackeriepde mypbyneHmmik mepbenicmep
OeHeelliHiH memeHdeyi (10-6-10-5 M?/c?) xoHe KbickbiM alibipmachkiHbiH 270 Na-ra OeliiH apmybl moH. [JeceHMEH,
XKoFapbl xblry emkisaiwmik (0.702 Bm/m-K) neH mbirbi30biIK XbliyObl muiMlipek akemyOi kKammamachi3 emir,
whlrbicmarbl CyUbIKMbIKMbIH KbI3ybiH 4-5 °C-Kka 0eliH memeHdemedi.

XKbirnyObl CiHipy MeH Xblily 6epy KoaghgpuyueHmiH canbICmbIpy HAHOCYUbIKMbIKMbIH apMbIKWbIbIFbIH
kepcemmi: h=68.3 Bm/(m?-K), Q=143 Bm, an cy ywiH 6yn kepcemkiwumep h=67.6 Bm/(m?-K), Q=141.8 Bm
60n0b1. byn Homuxenep TiO2-CuO HaHOCYUbIKMbIFbIHbIH 2udpaesnukasbiK WhiFbiHOapObiH KabblndaHambiH
apmybl asicbiHOa Xblly anmacyObiH Xofapbl muiMmOifiieiH KamMmmamachl3 eme anambiHblH, COHOal-aK OHbI
bIKWaM XoHe 3Hepausifa KaHblKkaH XXyuenepde 6onawarbl 6ap Xbly machkifbitl pemiHle KondaHyra
6onameiHbiH Gsnendeloi.

Tylin ce30ep: HaHocylibikmbik; TiO-CuO; CFD-modenbdey; mypbyneHmmik KuHemuKarblK
aHepausi; menogu3uKabIK Kacuemmep.
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STUDY ON THE GRINDING EFFICIENCY OF NON-DESIGN KARAZHYRA COAL IN BALL
DRUM AND HAMMER MILLS

Annotation: This paper presents a comparative study on the grinding efficiency of non-design
Karazhyra coal using two main types of milling equipment: ball mills and hammer mills. The research was
conducted to assess the suitability of local fuel for combustion in boiler units not originally designed for this
type of coal. Laboratory sieve analysis was performed to determine the particle size distribution of the
pulverized fuel. For the first time, polydispersity coefficients for Karazhyra coal dust, processed in both types
of mills, were obtained and analyzed. Sieve residue measurements showed that in the product of the hammer
mill only 0.2% of particles remained on the 400 um sieve, whereas in the product of the ball drum mill this
value was 2.5%. This indicates an almost complete elimination of coarse fractions during grinding in the
hammer mill. It was found that with both grinding methods about 88% of coal dust particles are smaller than
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