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ABSTRACT

The article is devoted to the methodology of conducting and processing the results of an
experimental study of the process of condensation of water vapour on vertical pipes with
specially profiled fins of a heat exchanger. Based on the analysis of heat transfer during laminar
condensation of water vapour in the form of a layer of flowing liquid both inside and on the
outer surface of vertical pipes with a stationary steam flow, a laboratory installation was
developed on which experimental studies were carried out. One of the ways to intensify heat
transfer is to optimize the geometry of the heat exchange surface on the condensation side,
which reduces the thermal resistance of the wall layers of the resulting condensate. This method
is based on increasing the heat exchange area by using specially shaped fins on the surface of the
heat exchanger tubes. As a result, an important scientific problem is being solved — disruption of
the continuous flow of laminar condensate, which contributes to the direct contact of steam
with the cooled surface of the pipe and increases heat transfer. The article describes the
methodology of conducting experiments, describes the methods of processing the results
obtained, as well as provides calculated data and graphical dependencies illustrating the
experimental results.
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Introduction

both the size and weight of heat exchangers.

One of the key challenges in heat transfer = Numerous studies have proposed various methods
intensification is the simultaneous increase in  to enhance heat transfer efficiency during the
thermal power, which contributes to a reduction in condensation of heating steam in tubular devices.
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During the condensation of heating steam
inside a vertical tube, a liquid condensate film
forms, progressively increasing in thickness as it
moves downward. This alters the thermal
resistance, consequently affecting the overall heat
transfer process [[1], [2], [3]].

Research on the condensation performance of
pure water outside integral-fin and pin-fin tubes
has shown that, under identical conditions, pin-fin
tubes retain less condensate than integral-fin
tubes, leading to improved heat transfer efficiency
([4], [5], [6]]-

Heat exchangers are fundamental components
of process systems, with tubular heat exchangers
being among the most commonly used in industrial
applications. The most efficient designs leverage
phase transitions, such as evaporation and
condensation, to optimize heat transfer. The
thermal design of tubular heat exchangers,
particularly those operating on condensation
principles, requires a thorough understanding of
phase transition processes within tubes. This study
focuses on the experimental analysis of steam
condensation in both smooth and specially profiled
small-diameter vertical tubes [7].

The development and optimization of high-
performance heat transfer surfaces play a crucial
role in improving heat exchange equipment,
particularly heat exchangers with vertical tubes.
Heat transfer  characteristics during the
condensation of water vapour on vertical tube
surfaces are of particular significance [[8], [9]].

In studies of steam condensation on vertical
tubes, the primary research focus is on film flow
dynamics. Single vertical tubes with specially
profiled fins have been developed to enhance heat
transfer efficiency. Experimental investigations
were conducted using the setup described in [[10],
[11], [12], [13]]. To ensure the reliability of results,
tests were performed on both finned and smooth
tubes. Before experimentation, the setup was
calibrated, measuring instruments were tested, and
data processing methodologies were verified.
Comparing condensation performance between
smooth tubes and tubes with specially profiled fins
helps validate the experimental approach while
minimizing external influences on the results.

For each experiment, the steam and cooling
water parameters were maintained at consistent
levels for both smooth and finned tubes, ensuring
accurate comparisons of their heat transfer
performance.

The experimental part

In the conducted research, the investigated
parameters varied within the following ranges:
water mass flow rate Guwater = 0,01133 to 0,025 kg/s,
steam mass flow rate Dsteam = 0,0000833 + 0,000115
kg/s, and pressure P = 0,05 to 0,13 MPa. The
velocity of the cooling liquid was in the range of
Wyater = 0,14 to 0,32 m/s, while the Reynolds
number for cooling water varied from Rewater = 1500
to 3300. The steam velocity was measured within
Wsteam = 0,07 to 0,09 m/s, with the corresponding
Reynolds number ranging between Resteam = 125
and 170, The steam temperature was recorded
between tseam = 94 and 105 °C.

The geometric parameters of an edge with an
improved surface (EIS) are assumed in Table 1 [14].

Boundary conditions were established for
different tubes used in the experiments. The
velocity of steam entering the experimental flask
was within the range of Regeam = 0,07 to 0,09 m/s
corresponding to Reynolds numbers between
Witeam = 125 and 170. The power output of the
steam generator was increased to Q = 300 to 630
W.

When a heat carrier undergoes a phase
transition, such as steam condensation due to
cooling with water, the heat transfer process is
described by the equation:

Qv = Gy(hy — he) = Gy (tour — tin) (1)

where G, G,, - mass flow rates of steam and
cooling water, kg/sec; h,, h. - enthalpy of steam
entering the heat exchanger and condensate
exiting, kJ /kg; c,, - specific heat capacity of cooling
water, kJ/(kg°C); tin, tour - temperatures of
cooling water at the inlet and outlet of the heat
exchanger, °C.

To determine the heat balance, the
temperatures of the cooling water entering and
exiting the heat exchanger were measured using a
DS18B20 temperature sensor. The heat balance
equation for water is given by:

Qw = Gy Cw (tout — tin) (2)

The heat balance accuracy between water and
steam was assessed using the discrepancy formula
[15]:

- 2 -
Q‘U + QW
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Table 1 - Geometric Parameters of a Vertical Tube with an Enhanced Surface (EIS)

Geometric parameters A B C D E F G
The outer diameter of the EIS deis,
mm 18-122 18-122 18-122 18-122 18-122 18-22 18-22
Diameter of th t i
m';me er of smooth tube dou/din 12/10 | 12/10 | 12/10 | 12/10 | 12/10 | 12/10 | 12/10
The radius of curvature of the edge 3_2 3_4a 3_4a 3_2a 3_2a 3.2 3.2
endr, mm
Th le bet th th tub

€ angie between the Smooth tube | 55 35 | 30-35 | 30-35 | 30-35 | 30-35 | 30-35 | 30-35
and the fin @, degree
Distance between fins S, mm

150 100 50 43 25 20 16.6
Fin sheet thickness 3, mm 0.001 0,001 0.001 0,001 0.001 0.001 0.001
Tube Length, €, mm 300 300 300 300 300 300 300
Forming height of the EIS, a, mm 5-7 5-7 5-7 5-7 5-7 5-7 5-7
EIS surface area, fas = 10, m? 4.396 8.792 21.98 28.4 48.4 61.54 79.9
Distance between the base of the
generatrix and the smooth tube, b, 3-5 3-5 3-5 3-5 3-5 3-5 3-5
mm.
— 104

;Tooth tube surface area, fo=10% 1.13 1.13 1.13 1.13 1.13 1.13 1.13
The total surface area of the vertical
tube with EIS, f = feis + fo, m? 0.0117 0.0121 0.0139 0.015 0.0164 0.0181 0.02
Finning ratio f / fo 1.04 1.07 1.23 1.34 1.45 1.6 1.76

The measurement error was considered engineering calculations and is valid for various

acceptable if the heat balance discrepancy did not
exceed 5%.

The heat transfer coefficient for condensation,
a,, measured in [Wt / (m? - °C] can be predicted
theoretically or experimentally. The classical
theoretical model for condensation heat transfer
was proposed [16], expressed as:

0.25

_ [ _gpcrad
a, = 0.9428 [—vc-(tv—twaoh]

(3)

However, analysis of this formula equation (4)
indicates that it applies primarily to stationary
steam. The presence of vapour flow induces wave
formation on the condensate surface, which
enhances heat transfer by approximately 20.6%.
The authors [17] proposed the following modified
equation to account for this effect:

0.25

o, = 1.137 - [ LT E ]

ve (ty—twa)h

(4)

Further refinements led to the development of
a theoretical equation for the heat transfer
coefficient, incorporating wave effects. Hobler's
equation [17] (Equation 5) is widely applied in

liquids under pressure conditions 0.07<p, [MPa]<17
and specific heat flux values 1.0< gy [kWt / m?] <
1000.

10
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(5)

6, = 0.00252 - (2L . S&)0.33 .

Cc—C  Ac

The heat transfer coefficient function follows
the relation = C- g™ , where the specific heat flux
qw, [kWt / m?] is considered. The constant C
depends on the surface type and liquid properties,
often taken as C = 1.537.

For vertical tubes with fine fins, the average
heat  transfer  coefficient  during  steam
condensation is determined using the following
equation [[18], [19]].

a0,15.h1,1,9—0,667

) a015pllgm08sT oo
Nu, = 0,34 HO25-S-cos ¢ We

(Ga - Pr-K)%37 ?

where 0 =0.7n"*"We "' at p <

1,nWe%% = 1; 6 = 0.787%7 (nWe®*>)™ at B =
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1,nWe’2> >1; m=-04p"°15; 0=1-
0.2387%3¢(nWe®?5)12 at B = 1,nWe"* < 1;

0,25
n = [p’z-g-r-l'3-h7-cosgo .
4'#"b4'lﬁva1At0 iy ’
acos @ ‘tan @
e=———- = ; Ga=
g-prb-h-(1+tan )’ B b '’
9déq, 4 _ T
V,Z ’ - CvAtO'

where a - half the width of the intercostal
groove, m; b - half the thickness of the fin at the
end, m; h - fin height, m; H - tube length, m; s - fin
spacing, m; ¢ - acute angle between the fin's lateral
surface and axial plane; p’ - density along the
saturation line, kg/m?; p'’ - density of dry saturated
steam, kg/m>; Aetar - Metal thermal conductivity,
Wt/(m°C); A - thermal conductivity along the
saturation line, Wt/(m-°C); r - heat of vaporization,
J/kg; We - Weber number; At, - temperature
difference at the fin base, °C; ¢ - surface tension,
N/m; K - phase transition criterion; y' - dynamic
viscosity at the saturation line, Pa-s; v' - kinematic
viscosity at the saturation line, m?/s; Ga - Galileo
number; ¢, - specific heat capacity of steam,
J/(kg-°C); Pr - Prandtl number.

Subscripts: v - vapour; ¢ - condensate; w -
water; eq — equivalent; aver — average; in - inlet;
out - outlet; wal - tube wall.

In all conducted experiments, a turbulent flow
of cooling water was maintained (Re, > 10%).
Therefore, the heat transfer coefficient on the
water side was determined using the following
equation [20]:

Pry, )0-25 Aw
Prwai din

&, = 0.021Rel*Prd ™ ( (7)

The temperature difference between the inlet
and outlet cooling water remained within10 °C.
Consequently, the logarithmic mean temperature
difference (LMTD) between the heat exchange
media was calculated using the formula:

AE — (tv_tout)_(tc_tin) (8)

ty—t
ln( v Out)
te—tin

For the inner tube, the overall heat transfer
coefficient was determined based on heat transfer
through a flat wall, incorporating the effect of
finning in specially profiled finned tubes:

k=—s 5 (9)

f f tRther

frins  Ametar aw
17fsmooth

ffins _

where is the finning coefficient,

smooth

accounting for the increased heat exchange area;
frins - represents the finned area, while fonoocn
corresponds to a smooth tube surface; Riper -
denotes thermal resistance due to fouling,
expressed in, (m? -K)/Wt.

Discussion of the results

Generalized results from experimental studies
are presented in Figures 1 and 2. The empirical
equation describing the relationship between
thermal resistance Riper and film thickness (8) is
given as:

Riner = 14,74091n(8) + 49,9661 (10)

Additionally, the heat transfer coefficient a
dependence on film thickness was determined
empirically as:

a = 731,13345 7095936 (11)

The relative errors associated with equations
(10) and (11) were 2.9% and 0.14%, respectively.
The Fisher criterion was used to validate equation
(10), vyielding Fr = 5.3033 with a reliability
probability of P = 0.95, while the tabulated value
was Ft = 10.13. Similarly, equation (11) produced
Fp= 5.1884 confirming its adequacy against the
same tabulated value.

Experiments were conducted on a 300 mm-long
test tube, where fin spacing (S,) was optimized
using the Nusselt criterion. The study revealed that
maximum relative heat transfer coefficient
valuesa/ay, = 1,6 +~ 1,8 corresponded to optimal
fin spacing S, = 50 =35 mm. Alternatively, this
range aligns with finning coefficient values of
f/fo =123+ 1,35 as shown in Figure 2.

The finning coefficient (f/fo) represents the
ratio of the total finned surface area (f) to that of a
smooth tube (fo). The dependency of the relative
heat transfer coefficient on the finning coefficient
was determined through the least squares method,
yielding the empirical equation:

o /%0 = 81029(/fo)° ~37.42(f/fu)* +

+56,194(f /f,) — 25,914

A comparative analysis of experimental data
and mathematical modelling results demonstrated
their consistency. Adequacy was verified using the
Fisher criterion, with an average relative error
ranging between 2.03% and 3.8%.

(12)

—— 04 ——
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Figure 1 - Dependence of a heat transfer coefficient and
Riper thermal resistance on film thickness

Conclusion

Based on the experimental results, it was
determined that the average heat transfer
coefficient for smooth tubes is 7258 Wt/ (m? - °C),
while for vertical tubes with an enhanced finned
surface, it reaches 8911 Wt/(m?-°C). This
indicates that the heat transfer efficiency of the
improved surface is 23% higher compared to a
smooth tube. Additionally, the condensate yield of
a relatively smooth tube is 57% greater, and in
comparison to surfaces shaped as truncated cones
proposed by Mikheev and Mikheeva, it is 27%
higher.

For wvertical tubes, both theoretical and
experimental data were used to determine and
validate the optimal geometric parameters that

. :o ..... o.. .
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Figure 2 - Dependence of the relative change in the
heat transfer coefficient on the finning coefficient

enhance the efficiency of installations with finned
surfaces. These include:

- The outer diameter of the rib relative to the
perpendicular to the surface: (des =18+20 mm);

- The rib inclination angle: (¢ = 30 + 35°);

- The finning coefficient: (f / fo =1,23+1,35);

- The optimal vertical rib spacing: (S; = 35 + 50
mm).
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TYWIHAEME

Makana kengi: 29 kaimap 2025
CapanTtamapgaH etri: 30 kahmap 2025
Kabbinganapl: 10 cayip 2025

MakKana »blny afMacTbipFbIWTbIH, apHalibl Npoduabai Kabbipranapbl bap Tik Kybbipnapaafbl cy
6ybIHbIH, KOHAEHCALMA NPoLeciHe SKCMEePUMEHTTIK 3epTTey YKypridyre aHe OHbIH, HaTUXeNepiH
eHAey aaicTemeciHe apHanfaH. CTauMoOHapAblK 6y afblHbIHAA TiK KybblpnapAablH iwiHAe ae,
CbIpTKbl OeTiHAe [fe afbiM KaTKaH CYWbIKTbIK KabaTtbl TypiHAeri cy OyblHblH, NaMWHAapbI
KOHZEHCALMACbIHAAFbI Kby anMacyabl Tangay HerisiHAe 3epTXaHasblK KOHAbBIPFbI Kacanapl,
OHAA IKCMEePUMEHTTIK 3epTTeynep Kyprisingi. Moy anmacygpl KywewTy apictepiHiH, 6ipi
KOHAEHCAUMA KaFblHAAFbl Kby anmacy O6eTiHiH reomeTpuAcbiH OHTaWnaHablpy 6onbin
Tabblnagpl, 6yn anbiHFAaH KOHAEHCATTbIH, KabblpFa KabaTTapblHbIH, Kbly KeaepriciH asalTyfa
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MYMKIHAK 6epeai. Byn agjic »biany anmacTtbipfbill KybblpnapbiHbiH, 6eTiHe apHaibl Nnpodunbai
JKMEKTepAi KONAaHy apKblibl Kby anmacy aliMarblH yAfaWTyFa HerisgenreH. HatukeciHae
MaHbI34bl FbIIbIMU MIHAET WeLinesi — NaMUHap/bl afbin KaTKaH KOHAEHCATTbIH, Y34iKCi3 afbiHbI
6y3blnaabl, 6yn 6yabiH, KybbipablH, CanKblHAATbINFAH BEeTiMeH TiKenel )aHacyblHa JKaHe Kblay
bepyai apTTbipyFa biknan etedi. MakanaZa 3KCNepuUMeHTTepAi Kypridy agictemeci 6epinreH,
aNnblHFAH HaTMXKenepai eHaey oAicTepi cunaTTanfaH, COHbIMEH KaTap 3KCNEepPUMEHTTIK
HaTMXKenepai beHenenTiH ecenTenreH manimeTTep MeH rpaduKanbiK TaYeNainiktep KenTipinreH.

TyiiiH ce30ep: Kblny aNMaCTbIPFbILLTAP, *Kblny Bepy, KOHAEHCALUMA, KOHAEHCAT, KaTaluTy
KabbipfFanap, 6y.
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AHHOTALUMUA

CTaTbs NOCBALLEHA METOA0M0TUM MPOBEAEHUA U 06PabOTKM Pe3yIbTaToB 3KCMEPUMEHTAIbHOTO
nccnepoBaHmMA NPoLLECca KOHAEHCaUMM BOAAHOMO Napa Ha BEPTUKa/IbHbIX TpyBax ¢ cneumansHo
npoduaMpoBaHHbIMKM pEBpamn TennoobMeHHMKa. Ha ocHoBe aHanusa TennoobmeHa npwu
NaMUHapHOMN KOHAEHCALMM BOAAHOTO Napa B BUAE C/10A CTEKAIOLLLEN KUAKOCTU KaK BHYTPU, TaK U
Ha BHELHEeN MOBEPXHOCTU BEPTUMKA/NbHbIX TPY6 MpWU CTaLMOHAPHOM MAapOBOM MOTOKe 6bina
paspabotaHa /nabopaTopHas YCTaHOBKA, Ha KOTOPOW MNPOBEAEHbI 3IKCMEPUMEHTA/IbHbIE
nccneposanma. OgHUM M3 cnocoboB MHTEHCUOMKaLMKU TennoobmeHa ABASETCA ONTUMM3ALMA
reomeTpumn Ten1006MeHHON NOBEPXHOCTU Ha CTOPOHE KOHAEHCALMW, YTO MO3BO/IAET CHU3UTb
TEPMMUYECKOE COMPOTUB/IEHME MPUCTEHHBIX CN0EB 06Pa3yIOLErocs KoHAeHcaTa. ITOT MEeTop,
OCHOBaH Ha YBEAWYEHUWM NAOWAAM TennoobmeHa 3a CYET NPUMEHEHMA  CNeuMasbHO
npoduampoBaHHbIX pébep Ha nosepxHOCTM TPyH TennoobmeHHWKa. B pesynbTaTe pelsaeTtca
Ba)KHaA Hay4yHas 3a4aya — HapyLeHue CNIOWHOro NOTOKa IAMUHAPHO CTEKAaIOLWEro KoHAeHcaTa,
YTO CNOCOBCTBYET HENOCPEACTBEHHOMY KOHTAKTY Mapa C OX/N1aXKAeHHOW NOBEPXHOCTbIO TPYyObI 1
YBENMYEHUIO Tennonepesayn. B cTaTbe M3N0XKEeHa MeToAMKa NPOBEAEHWUA 3KCMEPUMEHTOB,
onucaHbl cnocobbl 06paboTKM MOJYYEHHbIX PE3yNbTaTOB, a TaKXe MNpUBEAEHbl PacyéTHble
[AaHHble U rpaduyecKkme 3aBUCUMOCTM, MAOCTPUPYHOLLME SKCMEPUMEHTA/IbHbIE Pe3YNbTaTbl.

Kmoyeeble cnoea: TennoobMeHHMKW, Tennonepegada, KoHAeHcauus, KoHaeHcat, pebpa
JKECTKOCTH, nap.
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