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Abstract

The given thesis is dedicated to the experimemtdl rumerical investigations
of the combined heat transfer enhancement techragdehe device, which is
based on this technique and proposed for the hmafer augmentation in the
gas-heated channels. The given device is the tlvistge with the oppositely
coiled spiral tape installed above it. The geornetricharacteristics of the
investigated inserts were the following: the redatiwist ratio of the internal
twisted tapey 2 — 4, the relative height of the external tagpp® 0.07 — 0.2
and the relative pitch of a spiral coiling of the@eznal taph/D 1 — 2.

The experimental study of the heat transfer wasopeed directly in the
convective part of two fire-tube boilers of diffatedesign that had both the
vertical and horizontal arrangement of the flueetibrhe combustion products
of the applied fuels, a light oil fuel and woodlp#d, respectively, were used as
the working fluid. The Reynolds number varied withthe range of 2500 —
5500. The pressure drop characteristics of therimsvere studied by means of
the specially designed and constructed experimesgialp at the isothermal
condition at the same Reynolds numbers. In ordealidate the experimental
technique, the separate experiments were carrieditiuthe smooth pipe, the
tubes with the inserted straight and the twist@e-taserts.

The 3D numerical simulation has been carried outtlie fully developed

flow using the periodic boundary conditions by nmeasf the RNG
turbulence model with the applying of the FLUENT CEode. The obtained
numerical results were compared with the data goind the experimental
program of this study.

The significant increase of the heat transfer cciefits has been revealed as
compared with the pure twisted tape or the pureecdd tubes.
The method for the prediction of the heat transfefficients and the friction
factors is additionally proposed for the fully deyed turbulent flow regime.

Keywords: Heat transfer augmentation, straight amidted tapes, combined
heat transfer enhancement






SOOJUSULEKANDE KOMBINEERITUD INTENSIIVISTUSSEADMETE
EKSPERIMENTAALNE JA NUMBRILINE UURING GAASIGA
KUUMUTATAVATES KANALITES

Dmitri NeSumajev
Tallinna Tehnikadlikool
Soojustehnika instituut
Kopli 116, 11712, Tallinn

Kokkuvote

Kaesolevas to0s uuritakse katseliselt ja numblilis@mbineeritud seadet
soojustlekande suurendamiseks, antud konkreetsal $eadet soojusilekande
suurendamiseks gaasiga jahutatavates kanalitede &aputab endast spiraalset
linti, mille peale on keeratud veel teisesuunalsgraaliga lint. Lintide
geomeetrilised parameetrid olid jArgmised: seesmEmali suhteline samm
y 2-4, vélimise lindi spiraali suhteline kérgwgD 0.7 —0.2, valimise
spiraali suhteline sammD 1 - 2.

Soojusilekande  eksperimentaalne uurimine toimus e kakrineva
konstruktsiooniga leektoru katla konvektiivses odass torud asetsesid nii
vertikaalselt kui ka horisontaalselt. ToOkeskkormalsutusid seega kateldes
kasutatavate kultuste, kerge kittedli ja kabulademp@saadused. Reynoldsi
arvud koikusid piirides ~ 2500 — 5500. Seadme hildist takistust uuriti
isotermiliselt eraldi stendis samade Reynoldsi deviuures. Katsemetoodika
kontrolliks tehti vordluskatseid siledas torus niigsepandud tasapinnaliste ja
spiraalsete lintidega torudes.

Numbriliselt modelleeriti (3D) voolamist RNG k-turbulentsi mudeliga
FLUENT CFD programme abiga taielikult stabiliseardnvoolamise jaoks
(perioodilised aaretingimused) ainult Ghte tttpmkaoneeritud turbulisaatoris.
Numbrilise modelleerimise tulemused ja katsetulesdusingesid hasti kokku.
Kombineeritud seadme kasutamine tfstab Uldjuhuljusétekandetegurit
margatavalt, vdrreldes ainult ribitatud pinnaga a@iult Ghekordse spiraaliga
varustatud toruga.

Uhtlasi esitatakse selles t66s meetod soojusil@tagdrite ja hiidraulilise
takistuse arvutamiseks taielikult stabiliseerunuthwlentsele voolamisele.






FORMATTING OF THE THESIS

The given thesis may be divided by the matter w0 main parts — the
experimental investigation and the numerical sitmoa The experimental part
included the study of the thermalhydraulic chanasties of inserts of two
different determined sets of the geometrical pataregwhich was performed
on two fire-tube boilers, and the experimental gtwd the four additional
inserts with different geometrical parameters penfd on the same
experimental set-ups and of the friction factorsngkrt, which was carried out
in the isothermal conditions. The first experimémart of the thesis is based
mainly on the publications, that completely cover experimental study of the
thermalhydraulic characteristics of inserts in ffive-tube boilers. At the same
time, the contents of these papers is presenttnirevised form because of the
better understanding of the studied phenomenaéwguthor of the given thesis.
The remaining part of the thesis, which summaries éxperiments with the
additional geometrical parameters of inserts, thadys of friction factor
characteristics in the isothermal conditions arel nihmerical simulation have
not been published until now, and so it is preskirienore detailed form.

The publications that cover almost completely tkpegimental study of the
thermalhydraulic characteristics of inserts areftiiewing:

I. Neshumayev D., Ots A., Laid J., Tilkma Heat transfer augmentation
and pressure drop of turbulator inserts in gas-leelathannelspp. 565-
572. In: Advances of Heat Transfer Engineering ¢Paf 4th BHTC,
Kaunas, Aug. 25-27, 2003). Ed. by B. Sunden amildmas.

II. Dmitri Neshumayev, Arvo Ots, Jaan Laid, ToonTaigma. Experimental
investigation of various turbulator inserts in dmsted channels.
Experimental Thermal and Fluid Science, 28/8 pp-836, 2004

[ll. Boiler tube flue turbulator, Utility model certifite of Estonian patent
office, no U200300057 (Kasuliku mudeli tunnistus 00441 UlKatla-
suitsutoru turbulaator(51) Int.CL F28B 13/12; F23B 37/06. autorid: J.
Laid, P. Must, D. Neshumajev, A. Ots, T. Tiikma.)

Contributions by Dmitri Neshumayev

Papers I, Il: The author has suggested the methodology of the
experimental measurement procedure for the heafeacoefficients. The
author has designed and made the required devicéisef measurements of
temperature and other determining parameters. THeahas developed
additionally the software support for the autonmatid the data acquisition
of some determining parameters. The author haorltd the software
support for the processing of the experimental dath performed the data
reduction. The author took part directly in themung of the experiments



and discussion of the obtained data. The authomiien the presented
joint papers.

Paper Ill: The author is the principal developer of the gitechnique
Unpublished material: The author has suggested the methodology of the
experimental procedure concerning the measurenoéritee friction factor
coefficients in the isothermal conditions. The auathas designed and built
the experimental set-up. The author has performecdxkperiments and the
appropriate experimental data processing. The rigatesimulation has
been carried out completely by the author. The @uttas proposed the
method of the correlation for prediction of the th&ansfer and friction
factors for the combined inserts.

The subject of the defence:
The subject of the defence is the combined heaisfga augmentation
technique, the results of the experimental invasiig of the mean heat
transfer of the proposed insert for the flue gaatdw: channels, and the
appropriate experimental procedure of measuremehtshe specified
parameters, the experimental results of the hydracharacteristics of
inserts and appropriate experimental set-up and téicnique of the
experiments, the results of the numerical simutatitcluding the general
flow pattern, the local distributions of the heainisfer coefficients and wall
shear stress on the tube wall, the method of threletion for the prediction
of the heat transfer coefficients and friction &astof the combined inserts.

Scientific novelty of the obtained results:

The experimental and the numerical data of the naeahthe local heat
transfer coefficients and the friction factors cerming the little-studied
combined heat transfer augmentation technique, hwhiges the twisted
tape, have been obtained for the laminar and #resition flow regimes at
the cooling conditions of gas. Based on the nurakr&mulation, the
method for the prediction of the heat transfer ficiehts and friction
factors has been proposed for the fully developdaltent flow regime.



SCOPE OF THE THESIS

The thesis consists of introduction, the literattggiew containing the concise

description of the studies, which are availabléhengiven subject, five chapters
containing the description of the experimental amomerical methods, the

presentation and discussion of results, the stdtdee correlation development,

and conclusion. The list of the cited literaturepigesented at the end of the
thesis. The more detailed description of eachipgmtesented below.

Chapter 1(Literature Review) surveys the published resotiacerning the
heat transfer augmentation technique in channelstive combined applying of
the twisted tape and the surface ribbing (or theeefdimensional surface
roughness or the local axial vane swirler). In espiif the relatively high
efficiency of the technique reported by varioushats, there are only few
publications on the given subject.

Chapter 2(Experimental Set-up) gives the concise descrptibthe applied
experimental apparatus, namely two fire-tube bgitdrdifferent design, as well
as the specially designed and constructed expetaineat-up. The first two
experimental apparatus were mainly used for study tlee thermal
characteristics of the proposed device, as wahagxperimental investigation
of the hydraulic characteristics of the considenseérts. Specially designed and
constructed, the third experimental set-up was usely for study of the
hydraulic characteristics of inserts at the isatrar conditions. The given
chapter contains also the analysis of the statefart of knowledge for the
effect of variability of the thermal properties tife gas flow at the cooling
condition, which was carried out in order to adeelyainterpret the obtained
experimental data. The methods of the raw expetimheata processing and the
analysis of the experimental uncertainties are ptesented in this chapter.

Chapter 3(Numerical Calculation) gives the concise desmipt of
technique of the numerical modelling applied in ¢ineen thesis. It includes the
problem statement, the mathematical formulatiorhwite description of the
used turbulence models and the boundary conditassyell as the procedure
of modelling. The numerical solving of the diffetiah equations was carried
out with the help of the available commercial CFiele FLUENT 6.1.22, and
the geometry and the grid of the computational domare prepared by the
GAMBIT 2.1.6 software.

Chapter 4(Results and Discussion) presents the main reshtained both
by the numerical simulation and the experiments @iven chapter is divided
into several parts. The first part discusses lieentalhydrualic characteristics
of the smooth pipe, the straight and twisted tapesluding the radiation
effects, that occur between the surfaces of therinand the tube. The
comparison of the obtained results, which showem@d agreement with the
data by other authors and indicated the reliabdityhe experimental data, is
also presented in this chapter. The second pdhteofiven chapter summarizes
the results of the mean convective heat transfdrtha pressure drop of the
combined turbulators obtained during both the erpamts and the numerical
simulation. Here the comparison with the rare stsidivhich are close to the



proposed method of the heat transfer augmentaésaritbed in the first chapter
of the thesis, is also carried out. The third pduithe given chapter involves the
discussion of the data obtained for the local cotive heat transfer, the wall
shear stress and the flow pattern derived throbgi3D numerical simulation,
which was performed in the framework of the givandy.

Chapter 5(Some Considerations For Correlation Developmewt Rurther
Works) states briefly the analysis, which has besmied out by the author for
the development of the correlation, which allowsgptedict the convective heat
transfer coefficients and the friction factors fboe fully developed turbulent
flow regime. The main conclusions are drawn infthal part.

The thesis is supplied by the list of the citedrhture, which is presented at
the end of the thesis.
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NOMENCLATURE

Roman symbols

C, specific heat at constant pressure, J/(kg K)
C, correction factor related with the thermal entraeffect, Eg. (3).
C, correction factor related with the pipe length @((/D)*?)),

(dimensionless)
D tube inside diameter, m
e rib height, m
foary  Darcy friction factor( 8 ,,/ u? ), (dimensionless)
f, G  Fanning friction facto( fDarcy/4), (dimensionless)

g gravitational acceleration, rfi/s
Gr Grashof number

Gz Graetz number (RePrD/L)

H 180 deg twist pitch, m

K dimensionless turbulence scale factor
L tube length, m
m mass flow rate, kg/s

Nu Nusselt number

p rib pitch, m

Pr Prandtl number

Pr turbulent Prandtl number

Orure  heat flux (by convection) between gas medium arolator, W/n

Onrs heat flux (by radiation) between turbulator suefand tube surface,

W/m?
Rayv Rayleigh number based on the logarithmic-meamp&zature difference
Re Reynolds number
Re,, Reynolds number based on a swirl velocity
St Stanton number
Sw  dimensionless swirl parameter Resw/\/;), (dimensionless)
T temperature, K

t temperature difference between the wall and buikl flemperatures, K
U; mean velocity component, m/s

U shear velocity, m/s

U dimensionless velocity (U/Y

distance from the tube edge, m

twist ratio, H/ D or normal distance to the wall, m

dimensionless distance from the surface (#yJ

< < X

+

Greek symbols
heat transfer coefficient, W/{i)
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coefficient of an isobaric thermal expansior'f,; Iér helix angle, deg
twisted tape thickness, m
i Kronecker delta (=1 if i=j and ;=0 ifi j)
thermal conductivityW/(m K)
fluid dynamic viscosity, kg/(m s)
temperature ratioTl,, /T,

fluid density, kg/m
Subscripts

bulk fluid temperature measure
forced convection value

mean value

mixed convection (opposing) value
natural convection value

tube wall measure

isothermal condition value

deg twist

based on hydraulical diameter

szz3 Mo
o

> wo
(2]
o
°
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INTRODUCTION

As is well known, the fuel resources of our plaast very scanty. Therefore,
there is a continuous growth of a fuel cost, andaspresent more and more
attempts are made to increase the efficiency ofptheer equipment, which is
applied for various industrial applications. Onetigalar case of the increasing
of the efficiency is the heat transfer augmentatiorchannels of the heat-
exchange equipment.

The first attempts of the heat transfer intensifmawere made more than a
century ago, and to date there are many technitpuegchieve this purpose.
These techniques can be both passive, i.e. notrirgjthe direct input of the
external power, and active, i.e. applying an additf the external power. Now
about 400 papers and technical reports on the giatter are published every
year (Bergles, 2002).

As it was supposed before, under the hydraulicrthebheat transfer based
on Reynolds’ analogy, which determines a similabigtween the processes of
heat and momentum transfer and is expressed aradlytiby the following
formula:

st %cf, (1)
the heat transfer can be increased only by theentigg of rising of the friction
factor.

However, the experimental and theoretical invesitga, carried out at the
second half of the last century, have shown thadreain impact applied in the
necessary direction for a flow structure could lesa the violation of
Reynolds’ analogy. The desired flow structure migdifon can be achieved by
the applying of various devices, such as the sphletimples on a surface (see,
for example, Gachechiladzet al. (1988)), rough surfaces (see for example
PediSius & Slaniauskas (1995), Kalininet al. (1990), and other works) and
longitudinal microribbing (Riblets) (see, for example, Neshumajeval.
(1999), Katohet al. (2000)). These devices have to impact on a nelriow,
since the maximum thermal resistance is conceutijatg in a wall boundary
layer. The mechanism of the heat transfer intezadibn by the given
techniques consists in a creation of the orderetkxatructures near the wall, a
flow separation zone and etc.

In addition to the above mentioned passive teclasquf the heat transfer
augmentation, there are another ones, which aseefésctive and, as a rule, lie
in an enlargement of the heat-transfer surface area

It is known, that the combination of two or morexgde enhancement
techniques may result in more significant effestcampared with the applying
of individual methods. The given devices are demh@i® the combined, and the
corresponding process of intensification is callesl the third generation
enhancement (Bergles, 2002).

! Though, the attribution of riblets to the giveass of the heat transfer intensification
surfaces is disputable.
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The given thesis is dedicated to the experimentatl aumerical
investigations of the simultaneous applying of thésted tape and spiral
ribbing, which were combined into the single devfseeFig. 1). This device
was developed and offered for the heat transfemautation in a convective
part of two different fire-tube boilers, which weasnader design at that time (see
the utility model), by the research team of TUT FH@ntly with the author of
the given thesis.

/ Further, the brief description
7 of state of the art, concerning
individually the twisted tape, the
rough surface and the combined

Fig. 1. Combined heat transfer device technique, which is close to the

method proposed in the given
thesis, will be presented. It should be noted tdaecity of the investigations (no
more than ten) which regards the combined enhanueaiehe heat transfer.
Here, the single-phase flow conditions are undessickeration, and one unit in
the compound enhancement techniques is the twised

Rib roughness (enhanced tubes)

As mentioned above, one of the most effective nmastad intensification of the
convective heat transfer may be the turbulizingtyerances, which are
periodically located on a heat-transfer surface @istlrb the viscous sublayer
of the near-wall turbulent flow structure, where tthermal resistance is the
maximuni. Numerous investigations, both experimental ancherical, dealt
with the study of the mechanism of intensificatioh the heat transfer by
applying these techniques. Let us consider the lteesof some recent
investigations, which seem to be the most particimlaespect to the revealing
of the entity of the mechanism of intensificatidrttee heat transfer, including a
flow pattern, distribution of the local convectiteat transfer coefficient, the
integral convective heat transfer coefficient atfteo determining factors.

The recent numerical investigations by Nagatal. (2004) and Cuket al.
(2003) of a turbulent flow in a flat channel witkeripdically located transverse
ribs of the rectangular cross-section, by applyimg DNS and LES methods,
respectively, have revealed the flow pattern, gahyedepended on the relative
pitch of the ribs arrangement, that confirmed thesults of the earlier
researches. These studies were condfic&tdRe, = 150 and Re = 10000,

2TUT TED - Tallinn University of Technology Thermahgineering Department.

% It is known, that for gases (Pr0.7) the thermal resistance is distributed avedt
about 35 % occurs in a viscous sublayer, roughly®biakes place in a buffer zone and
about 15 % is in a turbulent core. For oils (Pr0F Zhe main part of the thermal
resistance is concentrated in a viscous sublapeu(e@9 %) (Migay, (1987))

* In the calculation of Rgthe friction velocity is used as the characteriaiid the half

of width of the channel is applied as the lineanelision. In the second paper the mean
fluid velocity and the half of width of the channate used as the characteristic
parameters for calculation of the Re number.
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respectively. It was obtained that sufficiently sdepacked compact
arrangement of ribs, when the relative pipgh is less than 4 (the so-called d-
type of roughness), resulted in formation of the &llular vortex in a cavity,
which locates between two adjacent ribs, and madestreamlines, located
above the upper surface of the rib, to be partdlél

When the relative pitclp/e was about 4 (the so-called intermediate type of
roughness), a vortex was also generated betweenbtheand it filled all the
area between two adjacent ribs. Besides, a smaliteprotatingvortex was
generated on the near lower part of the leewardaseirof the rib. The
streamlines above the upper plane of the rib serfamained also practically
parallel to it.

At p/e 4 (the so-called k-type of roughness) four vorines were
revealed. The first one, which was a small separatbne arisen on the upper
plane of the rib, was caused by the presence dfagpsedge on the frontal
surface, which affected an incident flow, that cdineen the preceding interrib
space. The second zone, which was the most coabideseparated flow, arose
behind the rib, and a small counter-rotating voftaxed near the base of this
rib (the leeward side). Further, the area of reldgraent region (the relaxation
zone) arose behind the reattachment point of then re@parated flow, that
resulted in the fourth vortex near the front upstnerib. It was found that the
relative sizes of the considered vortexes did epedd on Re.

These numerical investigations have shown thainitrease of the rib height
intensified a turbulence generation in the middiesoclosure in the interrib
space. This conditioned the increasing of the terfitstresses and a turbulence
kinetic energy, and these fluctuations affectelbwa Bbove a centerline of a flat
channel, that assumed the presence of a largeistaefaction between a flow
near the ribs and an external flow. The turbulegereration occurred in the
interrib space was caused mainly by the contriloutibterms of a turbulent and
pressure diffusion, i.e. a turbulent transport.

Naganoet al. (2004) also have shown that the turbulent Pramgthber Py
was not constant near the ribbed surface, thacamell a lack of analogy
between the turbulent transfer of heat and momenfaon example, in the
middle of an enclosure between two adjacent ringieBuced at first, and then
it rose again with the increase of the normal distefrom a wall.

Hishida (1996) experimentally investigated a locahvective heat transfer
in the domain of the transverse ribbed surface thiéhrectangular ribs in an air
flat channel flow for both types of roughness (kdgyand d-type). The Re
numbers varied over the range 3.1201F. As it was shown above, the flow
pattern in the enclosure of two adjacent ribs isegally determined by the ratio
between the rib pitch and the rib height. It issarable that the distribution of
the local heat transfer coefficient over the ribbface and within the interrib
space is also determined by the relative piteh

Whenp/eis more than roughly 10, the distribution of the humber on the
base surface, between two adjacent ribs, has anaaxin a reattachment zone
of a separated flow, and the further decreasingNwffrom this zone, both

18



upstream and downstream (relaxation zone), wilunc8lso, there is a second
maximum in the given distribution of Nu, which lées near the frontal surface
of the downstream rib. Whep/e is less than 5, the distribution of Nu on the
base surface in the interrib space has a maximibat,i$ close to the frontal
surface of a downstream rib, and it tends to deeréathe upstream direction
from this point.

The distribution curve of Nu on the frontal surfamfea rib monotonously
descends from the point of the maximum locatetetdp of the given surface.
The distribution curve of the local Nu on the upperface of a rib, depending
on the ratiop/e and/or the Re numbers, has either the monotoneasase in
the streamwise direction from the frontal vertexpasses through a maximum,
that locates in a central part of the upper surfsce rib. Hishida (1996) have
shown that the latter distribution of the local Mwk place at larg@/e that
agrees with a flow pattern described earlier, anit® Re number.

In recent investigation by Ravigururajan & Bergd®996), an attempt to
systematize the extensive experimental data, addlafor the friction factors
and convective heat transfer in the rib-roughenkdnpels, was made by
applying of the statistical methods. The derivatarresultant equations was
based on the data, obtained by seventeen expedhrestearches that covered
the following range of the determining parameter801 e/D 02,

01 p/D 70, 03 /90 10, 5000 Re 25000 and 066 Pr 37 6.

The heat flux direction was from a wall to a woxkifiluid (the heating

condition) for all the considered investigationdeTauthors have derived the
following equations for the friction factor and e@mctive heat transfer,
respectively, by entering also the asymptote behayor the smooth pipe:

16/15

"591Re 067 006p/D 049 /90 e/D 137 0.157p/D $ 1516

fa/ fS 1# $ p/D 166%E 6Re 033 /90 $ , (2)
|$ /90 459#4113E 6Re 015p/D 1# 294sin /n

| 7
Nu, /Nu, 1#1264RE00% e/D **** p/D %' /90 ** Pr 0024 ( )
wherefs andNus are taken for the smooth pipe condition basedereguations
by Filonenko and Petukhov-Popov, respectively.

The last term of the right part of the first eqoatitakes into account the
streamlining effects of a rib profile. Heneis a number of the sharp corners in
the roughness element in the facing flow. One esnadso that the equation for
the convective heat transfer does not contain thilag parameter for the
account of a rib profile, due to the absence obticeable influence of the last
one on the convective heat transfer.
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Ravigururajan & Bergles (1996) have carried outoatke experimental
investigations in order to check the correlatid?isand (3). They arranged both
the heating condition, applying water as the waykftuid, and the cooling
condition using air. The obtained experimental da&ae in good agreement
with the derived equations. In addition, Ravigujama& Bergles (1996) have
shown that the influence of a rib height on thet v@asfer dominated over such
determining factors, as the rib pitch or the Re bemThe greater values of the
rib height resulted in more fast increase of thaiém factor as compared to the
convective heat transfer. The pitch of a roughedmsment had the similar effect
on the friction factor and the convective heatdfan

Besides, the authors got the unexpected effectobiagacter of influence of
the ribbing helix angle on the friction factbrlt was obtained thdt slightly
increased with the growth of the helix angle u2®3, then strong increase fof
up to ~70° occurred and, further, the stabilizatdri took place. The authors
supposed that such fact was due to the incregsedbminance of effect of the
cross flow over the rotational flow, that occurratdthe increase of the helix
angle. It was also found that the influence of Bine@aumber on the heat transfer
augmentation was insignificant, that confirmed #alier results obtained by
other authors.

Usually, the experimental data on the convectivat liansfer and friction
factors in channels, having the considered typéhefregular roughness, are
tried to generalize extending the interpretationstaidy by Nikuradse and
Dipprey & Sabersky (1962) on a random sand-graimghoess and analogy
between the momentum and heat transfer roughnessidos, respectively.
Then, the dimensionless velocity profile can beregged as follows:

U* 25Iny/e #Re", (4)

where the factor 2.5 in the first term of the riglairt is the inverse value of the
universal constant in the mixing length of Prargdthixing length model, and
R(€) is the momentum transfer roughness function.

Dipprey & Sabersky (1962) have shown that for tirbulent number Pr 1
the temperature distribution in the near-wall areas similar to the velocity
distribution:

)* 25Iny/e #Ge" Pr, (5)
whereG(€e',Pr) is the heat transfer roughness function.

Generally, three modes of roughness can be disthed:

1. the hydraulically smooth surfacegt 5;

2. the transient mode, when the elements of noesh partially are
beyond the laminar sublayer at & 70;

3. the mode of the full manifestation of rougtmag” 70.

Earlier investigations were mainly aimed at thercgiag or developing of
the correlations for the momentum and heat transbeighness functions.
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However, some authors inclined to consider thah suethod of analogy was
not completely correct, since, as some researches shown, the turbulent
Prandtl number Pwvaried over the wide range for the given roughrss (see,

for example, Naganet al. (2004)). Thus, there is not any suitable scalang |
for the reduction of the developing hydrodynamieadd thermal profiles,

occurred near the surface with such kind of roughnt® a single function.

Twisted-tape insert

The twisted tape is one of the effective heat fexnsnhancement techniques,
which is applied mainly for the heat transfer irgi#ination in the fire-tube
boilers, and is known for a long time (Junkhetral. (1985)). Here a plenty of
the experimental and numerical researches have ¢areied out to date, but,
nevertheless, the twisted tape also remains theauf inquiry nowadays.

It is regarded that the main mechanisms, whichresponsible for the heat
transfer augmentation in case of application oftthisted tape, are the next: the
increase of the effective length of a flow pathe thecondary fluid motion
formation due to the superimposed centrifugal ferae a helically twisting
fluid, the increase of a fluid velocity due to thieckage of a tube cross-section
as well as the fin effect at the tight installativna tube (see, for example,
Manglik & Bergles, (1993a, b)).

The friction factors and the heat transfer coeffits can be correlated by the
dimensionless swirl parameter Sw under the conditiaf the fully developed
laminar flow in a tube at presence of the twistguet The given parameter Sw
follows from the balance of forces, that are imgbse a twisted-tape flow,
where the centrifugal and inertial forces are bedanby the viscous force
(Manglik & Bergles, (1993a, b)). The twist ratio thie twisted tapg becomes
the determining factor for the fully developed tidnt flow.

Manglik & Bergles (1993a, b) have made an atteroptidrive the general
correlation of friction factors and heat transferefficients, that took into
account the free convection, thermal entrance &ffand covered all the flow
regimes from laminar to turbulent. The derived geheorrelation for friction
factors is as follows:

£y (6)
where
16
g 15787 uq005ws 1k 1/2y %
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Here the second equation is valid for the pure diamflow, and the third one is
suitable for the pure turbulent flow. These equetiase the internal diameter of
a tube and the flow velocity, which is calculatgdthe internal cross-section of
a tube, as the determining parameters for the aiityilcriteria. Later, Manglik
etal. (2001) have performed the scaling and validatidnSw and these
equations for the laminar flow regime and the corigpa of them with the data
of other researchers. The excellent agreement thghprediction was found,
where all the data fell withiB15% interval, and the majority of the data did not
exceed the10% domain at enough broad range of the determimamgmeters:
15 y 2,0 /D 02 0 Sw 2500

Manglik & Bergles (1993a,b) have proposed the feilg general
correlation for the Nu number in the twisted-talpsvk:

02
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The first correlation in Eq. (9) describes the heatsfer in the laminar flow for
Sw4 1400, which also takes into account the thermal engaitects. Here the

influence of the free convection is ignored, beeaosGr 4 SwW. The second
correlation describes the heat transfer of they fdédveloped turbulent flow for
the flow regimes atRe  1000Q0The authors recommended to use the linear
interpolation between the laminar and turbulenwfleegimes for the heat
transfer calculation in the transition flow regifew 1400, Re4 10000).

22



1. LITERATURE REVIEW

There are only some investigations devoted to tlelysof the combined
convective heat transfer phenomenon, where one hef heat transfer
enhancement techniques is the twisted tape (tlgesphase flow considered
here).

The experimental investigation by Bergletsal. (1969) seems to be one of
the first works, where the research of influencéhefcombined use of a surface
roughness and the twisted tape on the convectiaethansfer was carried out.
Here the experiments were carried out using watehea working fluid at two
directions of a heat flux (the heating and coolaunditions). The correlation
for a quantitative assessment of the heat transfeefficients was
experimentally obtained based on the additive tiegln developed by
Lopina & Bergles, (1969). According to this techimgq the total heat flux was
calculated as the sum of heat fluxes, that cormes$o a spiral convection, a
centrifugal convection and a fin effects. It wasoahoted that there was no
special duplication in two mechanisms of the aggghenomenon.

Van Rooyen & Kroger (1978) have studied experimgntar the first time
the combined application of the twisted tape amddngitudinal ribbing for the
laminar flow of oil. The variation range for the Rwmber, which was
determined by the hydraulic diameter, and the Pnbar were 50 — 2000 and
114 — 490, respectively. These experiments weredwded with the
implementing of both heat flux direction schemdse (tooling and heating
conditions) and the wall constant temperature bagndondition was realized.
Van Rooyen & Kroger (1978) observed the significamtrease of the heat
transfer after the additional insertion of the tetk tape fory 2.5. The
maximum obtained value of the augmentation of that htransfer was in three
times greater at the constant pumping power forhieting conditions and in
four times greater for the cooling conditions aspared with the smooth tube.

Usui et al. (1986) experimentally studied the convective heansfer of
water and 40 — 60 wt.% aqueous solution of glyeeiinthe internally grooved
rough tube with and without the twisted tape, aver range of the Re number

of 2810° 10°> andthe Pr numbes4 46 6The constant heat flux boundary
condition on a wall was implemented in the experitae As a result of the
combination of two enhancement techniques, theoasitbbserved the more
considerable increase of the heat transfer as aempavith a separate
application of each type. The largest enhanceménth® convective heat
transfer was achieved, when the ribbing and thstéditape were positioned in
the opposite direction, and the relative heightilod e/D was about 0.022, that
were the maximum values for those experiments. BEwaluation of
performance of the considered enhancement techsigage shown that at
constant pumping power the reduction of the heaisfier surface area could be
achieved 70 — 75 %.

Almost ten years later, Zhanet al. (1997) experimentally studied the
thermalhydraulical characteristics of the combinsé of the axial interrupted
ribs having the in-line or staggered arrangememtelkas the twisted tape. This
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research was conducted using an air as the wofkiidyat the constant heat
flux on a wall. The Re number varied within the gan1700 — 8200. The
maximum increase of the heat transfer in casetobe, having the twisted tape
of y=3 and the axial interrupted ribs in the stagdemerangement (the rib
heighte/D equalled 0.125), was 2.2 — 3.2 times as compaiigd the smooth
tube at the simultaneous increase of the frictiantdr of 13 — 14 times
depending on the Re number. Zhat@l. (1997) also have made an attempt to
measure the distribution of the local heat trangfeefficient, which was
determined as the mean value over a short secfian tabe with 38.1 mm
length and the internal diameter 25.4 mm. Thosesorements have shown that
in case of use of the twisted tape only the distidm curve of ratio between the
piecewise averaged Nu number and the Number for the smooth surface
depending on the relative length of a tube, stadiliat x/D 2. When the
additional installation of the axial ribs with thetaggered arrangement was
done, the distribution curve of the ratio NufMwer the relative length of a tube
first decreased at x/D2, then increased passing through its maximum at
x/D 4 -8, and further decreased again. The authtsisuaéd such behaviour
to the secondary flow, induced by the rib orietatrelative to the swirling
flow. The estimation of the heat transfer perforo®imas shown that at the
constant pumping power and the heat-transfer strfaea, the proposed
combination of the enhancement devices allowedtoease the efficiency of

the heat transferQI(\lu/Nuoé/Qf / fo<?/3) as 25— 40% as compared with the only

twisted-tape insertion.

It is worth to notice the work by Liao & Xin (2000)here the experimental
research of the thermalhydraulical characterigifdéow with the combined use
of a tube, having the internal 3D artificial rougiss (the roughness element
was the triangular prism) and the twisted tape, pexformed. Water, ethylene
glycol and a turbine oil (ISO VG46) were used as thorking fluids. The
corresponding values of the Pr number varied indewange 5.5 — 590, and the
Re number varied over the range 80 — 50000 depgrmdlirthe working fluid. It
was found that in case of water (P5.5 and Re = 9000 — 50000) the additional
insertion of the twisted tape with= 5, 10, 15 into the tube with the enhanced
heat-transfer surface did not result in any appi#ei augmentation of the heat
transfer coefficient, while the noticeable increadethe friction factor was
observed. The authors explained such phenomenorfolisvs. Since a
considerable portion of the thermal resistance entmated in the viscous and
buffer sublayers, which was broke by the 3D rougbné¢he secondary flows,
generated due to an additional installation of tivisted tape, did not exert
additionally on the convective heat transfer. Shehaviour of the Nu number
seems to be a little bit strange, even becauséngiegtion of the twisted tape
leads to the increase of the relative effectivevfimath. Besides, it should be
remembered that as the arrangement of the 3D resghalements remains
constant along the surface relative to the tubse, dkie additional insertion of
the twisted tape results in the change of the lat@agle of the mean flow and,
correspondingly, it causes the modification of ttensversal and longitudinal
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pitches of the 3D element relative to the swirloedtly vector. It would be
interesting to check such explanation of the olerbehaviour by the
additional experimental investigation changing otflg relevant orientation of
the roughness elements on a surface relative teviltevelocity vector.

In case of applying of ethylene glycol (the Pr nembaried over the range
65 — 110) and using the same experimental set-updwering the flow regimes
within the range of the Re number 800 — 6000, Kia¥in (2000) observed an
additional increase of the convective heat trarfsfiethe insertion of the twisted
tape, and the increment of the heat transfer wakarger asy was smaller.
Furthermore, the difference between values of theugber, corresponding to
variousy, changed with Re, and it was as larger as Re ma#ies.

In case of a turbine oil (ISO VG46, Pr = 320 — 56if)) the range of the Re
number 200 — 2000, the more considerable increéstheo St number was
obtained with the additional applying of the twistape insert, that was similar
to the experiments with ethylene glycol.

Thus, Liao & Xin (2000) have found that the combioa of two
enhancement techniques substantially influencechéa transfer only for the
laminar flow regime, whereas this effect was ingigant or missed for the
transient and turbulent flow regimes. Moreover, soexperiments were
performed for the laminar flow with a replacemefttlte continuous twisted
tape by the segmented twisted-tape insert, thatoede more decrease bas
compared with St.

Recently, Zimparov (2002) has considered the coethimethod of
intensification by the spirally corrugated tubeghwtine twisted tape, that was
close to the device offered in the given thesie &kperiments were carried out
using water for the flow regimes within the rangdéghe Re and Pr numbers

480° 680° and 19 37, respectively, at the constant wall temperature
boundary conditions. The additional increase oftthat transfer was observed
for the combined use of the single start spiratiyregated tube and the twisted-
tape insert. For example, the Nu number of thelsiatart corrugated tube with
a pitch of ribbingH,., 812 mm ,the height of ribse 0.602 mm, the

helix angle 82.2€ and the internal tube diametdd 1365 mm was

2.5 - 2.6 times greater as compared with the smiuiith at the simultaneous
increase of the friction factor of 3.0 — 4.6 timAs. additional installation of the
twisted tape with the relative twist ratip 398sulted in the increase of the

Nu number 3.5 — 4.4 times at the simultaneous asgef 7.9 — 10.2 times.
Two years later Zimparov (2004 partl, part2) hagdenan attempt to
develop the simple mathematical model for the mtemh of the heat transfer
coefficients and friction factors in the fully déeped turbulent flow in a
spirally corrugated tube combined with the twistape insert. The proposed
method was an extension and modification of tha iog Smithberg & Landis
(1964) for calculation of the friction factors imet smooth pipes with the twisted
tape and took into account the influence of thel walighness on the axial
velocity, the secondary fluid motion, the resultisgirl flow and thermal
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resistances of the helicoidal core flow, twistimpuhdary layer flow as well as
the viscous sublayer near the wall.

It is necessary to note the experimental invegtigabf the thermal-
hydraulical characteristics of the combined us¢hefspirally corrugated tubes
and the inlet axial vane swirlers at the conditafrcooling of air, which was
carried out by Wuet al. (2000). The flow regimes varied in range of the Re
number 16— 1. The additional increase of the heat transfer .62 2.75
times was also observed at the simultaneous irnereffsof 4.21 — 8.49 times.
Moreover, the experimental data foand Nu were generalized in the form of
the dependences of productsfoér Nu for the local axial vane swirler and
corrugated tube, respectively, in relation to tloeresponding values for the
smooth pipe, and multiplied by the friction or hewmansfer compound
coefficient. It was the authors opinion that thiefficient could be determined
experimentally and depended on both thenBmber and the compound angle,
formed between the internal ribbing and the twisfledv behind the vane
swirler.

There are also known some compound schemes ingollsgncombining use
of the helical corrugated tubes (see, for exanipiyubenkoet al. (1994)), that
results in the additional increase of the heatsfiem
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2. EXPERIMENTAL SETUP

The experimental investigation of the heat transias performed directly in
the convective part of two fire-tube boilers ofiledent design. The description
of them is presented below. The pressure drop ctaistics of the considered
heat transfer augmentation techniques were studard the isothermal
conditions by means of the specially designed amstcucted experimental set-
up. The decision to conduct the experiments onftiséion factors in only
isothermal condition was taken as a result of thémation of the possible
uncertainties in the pressure drop measurementhéodiabatic conditions on
the above mentioned fire-tube boilers as well &sahalysis of the literature
data, concerning the influence of a variabilityaofas thermal properties on the
convective heat transfer at the cooling conditiohbe establishing of the
validity of the pressure drop measurements onitbeudbe boilers results in the
relatively large uncertainty of the friction factgnore than 60%), that is caused
mainly by the buoyancy evaluation, the correctibthe variable gas density in
the drain tubes and due to that the measured vahgae®latively small in itself.
However, nevertheless, despite the relatively lowalidity of such
measurements, the author of the thesis has madsdtempt to perform the
measurements in a convective part of the boilere Thsults of these
measurements were published in the article by Neslyavet al. (2003) (Paper
), and in view of the above mentioned reasons #reynot any more discussed
in the given thesis. The only one main conclusibthese measurements is that
they are in good agreement with the data obtainethé experimental set-up
characterized by a high validity.

2.1 Experimental apparatus EA1

The convective flue duct of the fire-tube boiler thie output power about
200 kW consisted of two sequential smoke tube ar(éy8 inFig. 2), either of
them contained 20 horizontal tubes with the intedi@meterD 0. 05Im. The

first on the flue gas path tube array had the isgdength L/D 21, and the
second one hadl/D 26. The working fluid was the combustion products of a
light oil fuel with the fractional water vapour dent ofr, , 011 014.

During the experiments the temperature of the §ag at the input/output of
the first and second tube arrays (on the flue gdb)pthe temperature of the
cooling water at the input and output as well as thlume flow rate of the
cooling water were recorded. The K-type thermocesiplith the electrode
diameter of 0.5 mm were applied for the flue gasperature measurements.
All the thermocouples were shielded with the thotbfnickel foil screens.
Additionally, the suction thermocouples were appke the entrance of the first
array, where the higher temperature gas regioneeased.

At the entrance of the first array three suctiorerthocouples were
positioned along a circle of 90° step incremen®,at2 and 15 clock positions,
respectively. Similarly, at the entrance of the oset part the temperature
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measurements were performed using four K-type tbeomples, which were
positioned uniformly along a circle of 90° steprigiment, at 9, 12, 15 and 18
clock positions, respectively.
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Fig. 2. Schematic of the convective part of the frtube boiler set-up
(the EA1 design): 1,2 — the resistance temperatudetector (RTD 100
Ohm); 3 — the suction thermocouple; 4 — the gas alyaer probe,
thermocouple; 5 — the light oil burner; 6 — the hotpart (HP) zone; 7 —
the shielded thermocouple; 8 — the cold part (CP)ane.

The analysis of the combustion products was exdcatieghe end of the flue
gas path. In order to determine the radiation traasfer between the turbulator
insert and the internal tube wall, the temperatdrsurface of some inserts was
measured. The K-type thermocouples of the wire diamof 0.5 or 0.2 mm
were used to perform this task. They were placetrige or five locations along
a centerline of the turbulator insert.

In accordance with the temperature level at varidasations of the
convective part of the boiler, the first tube arvags conditionally denoted as
HP (the hot part, the gas temperature at the agraas about 1100 °C) and the
second one as CP (the cold part, the gas temperatuhe entrance did not
exceed 500 °C)

The twisted-tape turbulatofFig. 38 with the relative twist ratioy 412

(the 180° twist), the vertical straight tapg X 2 ) with the width equalled to

the internal tube diameter and the combined tutbuldig. 3b), consisting of
the internal twisted tape with the twist ratio 218t 180° rotational) and
the external tape, which was spirally winded on ihernal tape, with the
longitudinal pitch Bge-= 110 mm and the relative height of tape (rib)
e/D=0.098 (NOa ID-code, see Table 1), were undersidenation. The
experiments without any inserts were performeaHercomparison.
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Fig. 3. Schematics of the twisted-tape insert (@nd combined
turbulator insert (b).

2.2 Experimental Apparatus EA2

The convective part of the second fire tube baodlethe output power about
20 kW (seeFig. 4) consisted

of five tubes with the relative cooling 2 cooling

length L/D 18 and with the 1 “@eriny  fwaerow

internal tube diameter
D =0.051 m. The tubes were
oriented at a small angle less s
than 15° relative to the
vertical axis. The working
fluids were the combustion 7
products of a light oil fuel or
the wood pellets with the
fractional  water  vapour
content ofr, , 011 014 5

The gas temperature at the @
entrance (one or two sampling
points were used) and exit of

the convective part, the Fig. 4. Schematic of the convective part of the
cooling water temperature at fire tube boiler (the EA2 design): 1,2 — the
the input and output of the resistance temperature detector (RTD 100
boiler as well as the cooling Ohm); 3 —thermocouple; 4 —the gas analyzer
water volume flow rate were probe, thermocouple; 5 — the light oil or wood

measured. The temperaturepe”ets burner; 6 — theshielded thermocouple

7 — the flue gas duct (convective part); 8 — the

measurement procedure wascoo"ng water-jacket.
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the same as for the EAL design case. The analf/$iee combustion products
was executed at the end of the flue gas path. ™Mem g@xperimental set-up was
used for the studying of the mean convective hatster characteristics of the
combined turbulator inserts NO, N1, N2, N3, N4 adlvas the smooth tubes.
The geometrical parameters of the inserts arallistd able 1.

Table 1 The geometrical parameters of the combineidserts

turbulator ID| Hge, m| h, m em , m y e/D h/D
NOa 0.11 0.11 0.005| 0.0015 2.16 0.098 2]16
NO 0.11 0.11 0.01 0.0015 2.16 0.2 2.16
N1 0.2 0.106/ 0.0047 0.0015 3.92 0.09 2)8
N2 0.101 | 0.106f 0.0043 0.0015 198 0.09 2|08
N3 0.206 | 0.111 0.009| 0.0015 4.04 0.18 2.8
N4 0.122 | 0.056 0.0037 0.0015 2.39 0.07 1.1

All inserts were made from the metal sheet of theds = 1.5 mm. In the
experiments the central heating system of the imgjldvas used to provide the
steady-state condition of the cooling loop of bbthiler design cases (EAL,
EA2). The mean cooling water temperature was medstar be from 60 °C to
80 °C. The temperature increase in boilers wasrdecbto be about 10 — 20 °C.
Such a negligible temperature change in both exygarial set-ups provide the
uniform tube wall temperature boundary condition.

2.3 Experimental Apparatus EA3

The isothermal hydraulic characteristics of inseéMts, N2, N3 and N4 (see
Table 1) were studied on the specially designed aoms$tructed experimental
set-up EA3 Fig. 5. The given test facility was an U-shaped opentaam
where the motion of the working fluid (air of thadbor temperature) was
generated by a blower. After leaving the blower ditepassed first through the
mechanical filter, then through the developing isec(~40 calibres), which was
followed by the test section of 0.9 m length (abb8tcalibres). Further, the air
passed through the mass flow measurement sectiwsisting of the PVC tube
of 0.018 m diameter with the Honeywell AWM720P1 maffow sensor,
installed in the middle of it.

The developing length and the test section wereidated from a copper
tube of the internal diameter 0.051 m. The intersiaiface of the tube was
carefully polished after the drilling of the stafitessure drainage orifices. Eight
bores were drilled in a cross-section of each prestap. These bores were
spaced uniformly along a circle, and they were bdnky the ring-type
chamber, installed at the external surface of tie.t The pressure taps had the
following dimensions: approximately half of the Wwahickness, which was
counting from the external surface of a tube witk wall thickness about
3.5 mm, had an orifice with a diameter about 0.5,rand the rest part of the

30



wall thickness had the 0.3 mm orifice. The diangtdrthe pressure taps were
chosen according to Repik & Kuzenkov (1989, 1990).

o=

Fig. 5. Experimental apparatus EA3

During the experiments the following parameters eveneasured: the
pressure drop along the test section, the air ftassand the temperature of the
ambient air. The differential pressure transdud¢emoaccuracy about 0.5 % and
the measurement limit of 25 Pa, having the builddimplifier of an output signal
from 1 up to 5 Vdc, was used for the pressure dnepsurements. The sensor
of the mass air flow of an accuracy of the readilegs than 7 %, having the
built-in amplifier with an output signal from 1 up 5 Vdc, was applied for the
air mass flow measurements. It was impossible taiolthe true data of the
friction factor of the smooth tube at the given gieh hydraulic performance of
the test facility for the survey range of the Renber due to the necessity of the
measuring of the relatively small pressure drogsglthan 1 Pa) and the
stabilizing of the flow over a long distance. THere, in order to check the
validity of the given experimental set-up and thperimental technique, the
experiments with the twisted tape of the twistagti 4 were performed at first.

2.4 Data reduction

The processing of the raw data, obtained for trst fivo experimental facilities

(EA1, EA2), was as follows. The excess air coedfitiwas calculated from the
gas analysis of the combustion products with takihg account the incomplete
combustion. The specific (i.e. per the unit massaofuel) volume of the

combustion products under an atmospheric conditias determined from the
known fuel composition and the excess air rate.dHEt@ enthalpy of the flue
gas was calculated from its specific heat and teatpee.

The output power of the boiler was determined frtme temperature
recordings for the cooling water at the input antpbat and by the volumetric
flow rate. The fuel consumption was determined bfotim the indirect heat
balance and the output power of the boiler. In @aidi for a validation of the
given calculation method an attempt was made tosareadirectly the fuel
consumption for the EA2 case at the applying dghtloil fuel only. The both
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mentioned methods agreed within 3%. The actualmelflow rates of the flue
gas and, correspondingly, the average velocitiethéntubes were calculated
from the fuel consumption data and the fractionamposition of the
combustion products.

The mean total heat transfer coefficient was detexch from the
logarithmic-mean temperature difference (the temmjpee of the wall T was
calculated) and from the gas enthalpy data, obiainghe convective part of
boiler. In case of the smooth pipe (i.e. with ngeir) the convective heat
transfer coefficient was calculated by taking iatttount the heat transfer by a
radiation due to a high flue gas temperature.

The convective heat transfer coefficient in thespreee of turbulator was
determined on the basis of the heat flux, which ealsulated as the difference
between the total mean heat flux (the enthalpy @lopg the channel) and the
radiation heat flux between the surface of theringed the internal surface of
the tube wall. The calculations of the radiatiomathieansfer were based on the
temperature measurement data obtained from thexcgurdf the insert. In
general, the contribution of the radiation heahdfar did not exceed 30 % of
the total heat transfer. In addition, for calcuas it was taken into account that
there was no thermal contact between the intenndase of the tube and the
turbulator.

The thermal properties of the flue gas, expressedhe dimensionless
numbers, were calculated by the arithmetic avetaggerature data (the bulk
temperature), obtained at the entrance and at¥ihefethe tube. The internal
diameter of the tube was used as the charactdestigth for these calculations.

The friction factor (the Darcy friction factor) fahe twisted tape or for the
combined inserts for the EA3 case was estimateatidjollowing equation:

2D° P1?

16LQ3
where P was the pressure drop measured between the y@éapusections. It
was assumed that the correction for the pressuss kue to the flow
acceleration and deceleration at the inlet andebuaf the insert, respectively,

was negligible at the discovered range of the Rebar. The given assumption
was examined through the appropriate calculatiahthe experimental test.

) (10)

2.4.1 Variable gas property correction
It was a little more complicate to determine thealale gas property correction

factor T,/T, ™ for the given experimental conditions. The experital

investigations by the different researchers indig¢hat at the gas heating or gas
cooling conditions the influence of the variables geaysical properties strongly
differs for the smooth pipes. At present theredganerally recognized relation
to determine the temperature correction, espediatithe gas cooling case.

Most researchers (see, for example, Petukhov (J@&pEe that for the gas
cooling case the heat transfer is higher as cordpaith the case, when the
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isothermal conditions are applied. Petukhov (19&Bo noted that the
experimental dependence ®fu,/Nug, on T,/T, appeared considerably

weak in comparison with the results obtained frow theoretical analysis. At
the same time, Petukhov (1970) recommended tdhesiliowing relation:

Nu,/Nu,, 127 027 , (11)

which is valid for054 4 1 Under the present experimental conditions, when
Eq. (11) is applied, the variable thermal properti¢ gas could result in the
increase of the diabati®Nu, as compared with the isothermBlu,, , with a
maximum of 19 %.

In the more recent investigation by Kurganov (1982)aseous medium, for
which the dependences of viscosity, the thermal conductivity , and the

isobaric specific heat, can be correlated with the power relations in dewi
range of temperatures as follows:

/o T/Te" /o T/T": Cp/CpO T/T, ™, (12)
where exponents ,n ,n,  ,Gand the variable properties are also independent

on pressure. Kurganov (1992) offered the followéxgression:

4 q 1 w/ b é
Nu, O_W'%h::/ OT_w‘i T (13)
NUg, 7 o, ]Cpbj- 1Ty ,

where7, 06#09tanH1.894X 04256 X 001x/D,.
Equation (13) at the gas cooling case is validfpfT, 05. The calculations,

performed with the applying of Eq. (13) for the g#at experimental conditions,
show the approximate 7 % increase of the ratig /Nuy, .

The analysis of the combined heat transfer in celgp@rformed by Tamonis
(1981) has shown that the variable physical praggendf gas at the cooling
condition had low influence on the heat transferthis case, the exponamtin
T,/T,, "term equals to -0.05. Therefore, the author predieven a reduction
of the diabatic heat transfer as compared withighthermal heat transfer. For
the present experimental conditions the temperatoreection factor results in
5 % difference of the heat transfer according taegign by Tamonis (1981).

Ambrazeviiuset al (in ukauskas (1982)) investigated the heat tfan$or
the stabilized air flow for the gas temperaturaaif200 °C and for the nitrogen
flow for the gas temperature up to 3730 °C as weltubes with the wall
temperature of 77 °C. The authors have shown tiatgeneralization of the
experimental data by the dimensionless heat tramsfmbers, using the fluid
bulk temperaturel, in the given cross-section and the internal diamas the
characteristic length, should not include an addél simplex of temperatures

T,/T, in the well-known heat transfer equation. The geheeview

performed by the same author (Ambrazas (2003)) of the main experimental
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and theoretical investigations, performed during éefitury, has confirmed this
statement.

The maximum value of the exponentprovided in the literature, seemingly
is 0.45 (Gnielinski (1976)). It is possible thatsome experiments under the
correction factor of the variable thermal gas propether phenomena exist. In
these experiments such correction factors justribesthe specific experimental
condition, for which they were obtained.

At the heating or even the cooling flow conditiasing various turbulators
and/or inserts (the twisted tape), the influencéhefnon-isothermal gas flow is
yet poor examined. For example, Lopina & Bergle36@) applied the twiddle
factor D,,/D to the value of the correction factor of the vakéaproperties for a

twisted flow at the heating condition, that tooktoinaccount the thermal
boundary layers on the internal surface of tubes@anthe twisted tape, which
are not the same.

Vilemas et al. (1989 have performed the experimental investigation of
influence of the variable physical gas propertisgh® convective heat transfer
in the annular channels with an artificial roughs&s the heating conditions. It
was found that influence of the variable physicalpgrties on the heat transfer
in the rough channels changed depending on Reinflaence of Re omm was
more significant for the bigger relative height tob roughness elements. At
smaller Re this influence was stronger for the towhannels than for the
smooth ones, and at large Re it was weaker. Addimperature factor ratio
increased, the transition from the transient mddewughness to full one shifted
towards the larger Re.

Thus, all aforesaid allows to draw the conclusitiattat the heating
condition the influence of the variable physicabgerties on the convective
heat transfer in the rough channels differs from ¢tme, that occurs for the
smooth channel. Nevertheless, due to absence dfubedata for the cooling
condition in the rough channels and/or for the tedstape, the temperature
correction factor is assumed to be equal unithédata processing like in case

of the smooth pipe insert, i.ef, /T, " 1.

2.5 Experimental uncertainty
The single-sample uncertainty analysis with thé®8onfidence level using the
direct computer-executed method by Moffat (1988)veh the uncertainties of
20 — 40 % for the Nusselt number, and 15 — 35 %ttier Reynolds number.
Here, the smaller numbers relate to the EA1 cadettza bigger ones concern
the EA2 case.

The uncertainty of the friction factor for the EA&st facility was estimated
in accordance with Moffat (1988) within the 95 %ntidence level as follows:

® Here the data are cited only for the stabilizedvflauthors have obtained data for the
inlet section as well
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N08f _2 vz
f — X , 14
9]8Xi .’i (14)

i1

whereX; are the independent variables incorporated in Hg). (

The uncertainties of for the twisted tape were about 16 — 25 %% and for
combined insert were roughly 15 %. Here, the langembers relate to the
smaller values of Re.
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3. NUMERICAL CALCULATION

3.1 Problem Statement

The present numerical study deals with the combimeskrt having the

following geometrics: kho-=0.1m, Bg-=0.1 m, e=0.005m. In order to

represent the conditions, which are similar toEAdl case of the experimental
program for the NOa insert (see Table 1) and, spoedingly, to enable the
comparison with the experimental data, the 3D camd the horizontal

orientation are under consideration.

Since the geometrics of the considered combinegttimsve a periodicity in
the longitudinal direction (the pitch of the intafrand external helix tapes is
constant), the computational domain is selectatie@section of the tube, where
the external helix tape makes one full turn anditiernal twisted tape makes
one half of a turn, thus forming the periodicityggfometry with a shift equalled
0.1 m. The given computational domain is preseintddg. 6 (see alsd-ig. 3b,
where the considered turbulator is shown). Thuss issumed that the flow
characteristics have a certain longitudinal pedigi (the more precise
description of periodicity of the flow parameterdlWwe presented below), and
the flow can be considered as the fully developeribgic one.

Fig. 6. Computational domain

The calculations were performed both under thebedia conditions and for
a presence of the convective heat transfer neantémal surface of a tube (in
this case the insert is treated as the adiabatic The preliminary calculations
have also shown that the buoyancy forces arisiog the density variation for
the horizontal orientation of a tube are negligisfecompared with the inertial
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forces and, therefore, the influence of the fremveation can be disregarded at
the given stage.

All the computations considered air as the workihgd (Pr 0.7). The
required initial data were chosen based on theitondf compliance of range
of the flow Re number to ones occurred in the expamtal part of the given
investigation. The initial data and also some tlahydraulic characteristics of
the survey flow are presented in Tables 2 and % ltee internal diameter of a
tube was used for the calculation of the dimensismhumbers.

Table 2 The initial data for the adiabatic conditians (the fluid density is
1.225 (kg/n?), the fluid viscosity is 1.78940E-05 kg/(m s))

Calculation ID mass flow, kg/s fluid velocity, m/s  Re
adl 0.0007 0.30 1034
ad2 0.001 0.43 1476
ad3 0.0015 0.65 2215
ad4 0.002 0.86 2953
ad5 0.0025 1.08 3691
ad6 0.003 1.29 4429
ad7 0.0035 1.51 5168
adsg 0.004 1.73 5906

Table 3 The flow characteristics for the diabatic onditions (T, =const 333 K)

Calculation| mass flow, mean fluid

ID kg/S TupstrearATbqu,inIet*y K velocity, m/s Re
dl 300 0.0012 573.15/554.9 0.96 1125
d2_300 0.0026 573.15/553.8 2.13 2408
d3_300 0.0044 573.15/564.9 3.81 3937
d4 300 0.0061 573.15/563.9 5.31 5440
dl 400 0.0014 673.15/646.1 1.31 1190
d2_400 0.0029 673.15/645.4 2.79 2422,
d3_400 0.0048 673.15/656.3 4.99 3798
d4_400 0.0068 673.15/649.3 7.25 5280
dl 600 0.0024 873.15/816.8 2.61 1844
d2_600 0.0048 873.15/813.5 5.62 3509
d3_600 0.0072 873.15/826.8 8.71 5133
d4_ 600 0.0095 873.15/832.0 11.66 6685

" - the first value is the bulk temperature of the flspecified on the inlet; the
second value is the upstream bulk temperature raataby the calculation,
which explanation is adduced below in Eq. 33.

In order to estimate the accuracy of the numesirallation (in terms of the

integral values only), the numerical results werempared with the
experimental data obtained in the experimental gfattie present research.
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3.2 Mathematicalformulation and turbulence models

The given numerical study deals with the steadiestacompressible fluid

without taking into account the possible influeé¢he gravitational forces.
The Reynolds-averaged Navier-Stokes (RANS) equstieritten for the

Cartesian coordinate system with applying of theseeial form are as follows

(Fluent 6.1 User’s guide, Versteeg and MalalaseiE385)):

(the continuity equation)

8
B U 0, (15)
the momentum equation
(th ion)
n O 8U _ .
By, P, 8T 08ULBUS L8 ok g
8X; 8X; 8x!]8x 8xi’ 8X;

In the latter equation the Reynolds stresses wergelted considering the
Boussinesq hypothesis:

S Ogu. 8U,- 2

RNG k- turbulence model

The Renormalization Group (RNG) turbulence model (see, for example,
Choudhury (1993)) was used for the closure of timve-stated equations. The
given turbulence model was elaborated on the bakishe instantaneous
equations of the momentum conservation by the applgf the mathematical
statistics methods, called as the Renormalizatimu@ (RNG). The essence of
this model is that the small-scale eddies termsramoved from the Navier-
Stokes equations by means of the RNG methods wiplyimg of the iterative
approach and the expressing of the small-scaleegdefifects in term of the
larger scale motions and the modified viscosity.

This model was chosen as the basic for the remizaif the numerical
simulation for the given study. The main argumeadsanced in favour of the
chosen turbulence model as compared with the cdioverh k- model as well
as the problem, which is considered in the givedystwere the following:

;  the constants and functions included in the givexdehare obtained on
the basis of theory and, thus, there is no negegkiheir adaptation to
the conditions of the given research;

;  the new term is introduced into the dissipatiore taansport equation
(R, see Eg.(19)), that enables to improve the acyuraf the
calculations of the highly strained flows (the tiei$ flows etc.)

; the RNG theory also results in the theoretical ddpaces for some
modelled variables at small Re numbers (for exajipte ().
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The transport equations for the RNG kaodel are as follows:
8 g 0 8k -

— kU — eff_+#Gk ) (18)
8 8 0 8 - 2
— U —_— —*#C, — G C — R, 19
8X, o8 e“8xjf kTP kK (19)

where i is the effective viscosity, .4 # ..
The differential equation for the turbulent visd¢gsinder the RNG theory:
d— X+ 172 d"
=1 172 ———d", (20)
T TS

where” ./ ,C 100.

In the above-mentioned equations the inverse @ffe&randtl numbers, namely
« and , were computed using the following formula:

| 13920 #23929""
| o 13929 | ,#23929 o
where , 10

The production of the turbulence kinetic energynténcluded in Eq. (18) is
as follows:

: (21)

Gk Ui.U] E . (22)
The R termin the equation (Eq. (19)) is as follows:
C <31 </<, 2
1# < k
where<=Sk/ , <, 438, 0.012. Sis the modulus of the mean rate of

the strain tensorS = ,/ZSj S -
The model constantS, 14andC, 168

Low Reynolds k-turbulent model
Some calculations were performed also with theieabn of the well-known
modified turbulence model, elaborated for small Reynoldsibers (see,
for example, Versteeg & Malalasekera (1995)), whttiee damping functions
were introduced into the transport equations of Hieetic energy, the
dissipation rate equation as well as the equatiothie turbulent viscosity.

In the given research the Lam and Bremhorst watifilag functions were
used only. These functions look like:
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i % exp 00165Re, 2&#@i: (24)
] Re&
0 . 005;
f, }1#];—1; (25)
f, 1 exp R€ (26)
2 14
where Re, L,Rey &,Re [ 7y,

Turbulent heat transfer
The turbulent heat transfer is described withinghen study by the following
equation:

0 -

8 yp B89, 8%

whereky;  C, o Is the effective thermal conductivity, and is calculated
by Eq. (21) with , k/ c,.

(27)

3.3 Periodic and boundary conditions

The periodicity condition of the fully developedy is assumed within the
present study. This condition was introduced by mateet al. (1977), and it

allows to obtain the solution of the problem withoa solving of the

stabilization section of the tube. The periodicitynditions for the velocity

components, the pressure drop and temperatureeofidld are expressed as
follows:

ur ur#L ur#2L .. (28)
p pr pr#L pr#L pr#2L .., (29)
r r#L r#2L .., (30)

wherer is the position vector, and is the periodic length vector.
The pressure gradient can be also decomposediatparts:

L ~
>pr m#>pr , (31)

where pr pr#L, and the second term of the second member of the
given equation expresses the local fluid motioniargperiodic.
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In Eg. (30) is the dimensionless periodic fluid temperatuneqd &or the
constant wall temperature boundary condition @géned as:

Tr Ty (32)
Tbulk,inlet Twall ,
whereTouikinet IS the bulk temperature at the inlet:
2T ) A
bulk,inlet  — | . _ . [ (33)

2
where is the inlet periodic boundary.

The following boundary conditions were applied foe given calculations.
The constant temperature of the wall was set orintleenal surface of the tube
(see Table 3). The adiabatic conditions were sethersurfaces of the internal
and external helical tapes. The no-slip boundanditmon was implemented on
the walls.

3.4 Numerical Solution Procedure

The numerical solution of the differential equatidior the above-mentioned
mathematical statement was performed with the helpthe available

commercial CFD code FLUENT 6.1.22, and the geometry the grid of the
computational domain were prepared by the GAMBIT.@software.

The computational domain shown kig. 6 was discretized by the non-
unisize (normal to the wall) unstructured 3D te¢dtal meshes. The finest grid
was located on/near the walls of the tube and tirssewvell. Besides, the mesh
size on the surface of the external tape of thebooedl insert and in its vicinity
was additionally reducedrig. 7).

Table 4 shows the sizes of the applied mesh elamexpressed in the
absolute and dimensionless units, normalized by dyaamic velocity

U ./ and the kinematic viscosity. The shear stressudted in this

equation was computed as the area-weighted intgritie appropriate surface
by the numerical simulation. Since in the given gttlie absolute size of the
mesh elements at various calculations remainedriaida, the dimensionless
size, expressed in terms ¢f, increased. The retention of constancy the
dimension of the mesh elements in terms of the wailisy* was not applied
because of the limitation of the power resourcefefavailable computer.

Table 4 Some characteristics of the applied computianal grid

ID surfacel mm| y" ID surfacel mm| y*
rib 04| 1915 rib 0.4 4.74
adl tape | 0.7/ 3.593 d3_300 tape] O0Jf7 10.12
tube 0.7| 2.484 tube 0.7 6.76
rib 04| 2519 rib 0.4 6.27
ad2 tape | 0.7 4.597 d4_300 tapel] 0J7 12.p2
tube | 0.7 3.413 tube | 0.7/ 8.93
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rib 04| 3.128 rib 0.4 2.76
ad3 tape | 0.7/ 6.203 d1_400 tape] 0f7 4.35
tube | 0.7 4.535 tube | 0.7 3.47
rib 0.4 | 4.279 rib 0.4 3.34
ad4 tape | 0.7| 7.768 d2_400 tapel 0Jf7 6.73
tube | 0.7| 6.114 tube | 0.7| 4.86
rib 04| 4.821 rib 0.4 6.27
ad5 tape | 0.7/ 9.186 d3_400 tape] O0Jf7 10.J1
tube | 0.7 7.132 tube | 0.7| 8.39
rib 0.4 | 5.851 rib 0.4 6.66
ad6 tape | 0.7| 10.404d4_400| tape | 0.7| 11.79
tube | 0.7| 8.229 tube | 0.7| 9.98
rib 04| 6.241 rib 0.4 2.61
ad7 tape | 0.7| 12.414d1_600| tape | 0.7 5.54
tube | 0.7 9.007 tube | 0.7 3.79
rib 0.4 | 6.888 rib 04 4.14
ads tape | 0.7 12.499d2_600| tape | 0.7| 8.37
tube | 0.7 10.511 tube | 0.7| 5.91
rib 04| 229 rib 0.4] 5.53
d1l_300| tape | 0.7| 4.12|d3 600 tape| O.Jr 11.16
tube | 0.7 2.93 tube | 0.7| 8.02
rib 04| 361 rib 0.4 7.23
d2_300| tape | 0.7| 6.53| d4_600 tape| 0.7 13.34
tube | 0.7 4.92 tube | 0.7| 10.7(

In calculations for the adiabatic conditions anchbrRe numbers (adl and
ad2 cases), the attempt was made to additionafiger¢he grid in order to
estimate the influence of the mesh size on thd femult in the regions, where
the velocity gradient was the largest. The givdimeenent did not result in any
significant difference of the final results, thevef, and also due to the low
computing resources, no additional refining of ¢gnel was applied.

The linearization and the subsequent solving of diseretized equations
were performed with the applying of the segregatadtion method due to the
imposed limitation when using the periodic boundeoynditions. The second-
order upwind scheme was applied in all the calauiatto obtain the cell faces
values of the control volume (since the FLUENT cadeed a co-located
scheme), including the governing equations of impulturbulent kinetic
energy, the energy dissipation rate and energy. Nb@e-Base scheme was
applied for the derivative evaluation. The PRESTEHesne was used for the
pressure interpolation. The SIMPLE algorithm wasduger the coupling
between pressure and velocity.
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4. RESULTS AND DISCUSSION

4.1 Thermalhydraulic characteristics of the smoottubes and tubes with
the straight and twisted-tape inserts

Heat transfer (total and convective) characteristic

In order to verify the applied experimental techugig and the measuring circuit,
the experiments with the smooth tubes (having reeris), tubes with the
straight tape y* 2, the vertical orientation in tubes) and tubes wiitle

twisted-tape inserty 41Pwere performed.

Fig. 8 shows the experimental data of the heat transfethe smooth
horizontal tubes obtained in the EA1 case for t@dous convective parts (HP
and CP). The solid data points (circles, squams t@dangles) presented on this
chart were obtained from the calculations, whictrevperformed by three
different methods as follows. The first two caldida methods presented below
were based on the assumption of the distribution t#f the bulk gas
temperature along the channel and on the subseqaemiutation of the local
heat transfer coefficients. The gas temperaturérilglision function was
assumed to be exponential along the channel becafusiee uniform wall
temperature boundary condition. Therefore, the nfezat transfer coefficient

was determined according to Isacheekal.(1981) as follows:
L

? t dx
n (34)

L

7 tdx

0

The first calculation method (denoted by the sdiictles in Fig. 8) was

performed using the equations by Tamonis (1981¢utite assumption that the
turbulent boundary layer developed at the edgdetibe and the boundary of
the transition to the stabilized flow was determditiy the approximate equation
by Kutateladze (1990):

X, @0.6D Re*®. (35)

According to Tamonis (1981), in calculations theneinsionless turbulence
scale ; and the turbulent Prandtl number, at the cooling conditions of the
combustion products were assumed to be 0.14 andPr, = 0.2 for the fully
developed turbulent flow.

In the second calculation method, the local hemtsfer coefficient was
calculated by the Petukhov-Kirilov equation (theuiés are denoted by the solid
square boxes iRig. 8):

faarcy/8 REPIC,

1#900 Re# 45,[f 0, P17 17

(36)
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where the Darcy friction factdiwas determined a$,,, 182IgRe 164 2

The correction factor of the thermal entrance effewas determined according
to ukauskas (1982) on the assumption that the ulebt boundary layer
developed at the edge of the tube and, correspgiydithhe stabilization of the
heat transfer coefficient occured in the same maasdn the presence of the
calming length:

¢ 1#048D/x **1#3600/ Re\/x/D exp 017x/D . (37)

The third calculation method of the mean heat feansoefficient was
performed with taking into account the relative gém of the channel and
applying the well-known Gnielinski’s equation (Glimski, (1976)):

f /8 Re 1000Pr " %
Nu,, o/ 514003 " (38)

1#127 [f 4y /B PI?° 1 1D,

The results of those calculations are denoted éwgditid triangles ifrig. 8.

35 : : : 35
30 O present study, smooth tube, HP, diabatic 30 Q
JAN present study, smooth tube, HP, corrected with @ =)
25 |- & present study, smooth tube, CP, corrected with @ 4 25 e
0O present study, smooth tube, CP, =
= 20 | diabatic 120 B~
) ® (Tamonis, 1981) e
T W Petukhov - Kirillov eq., e
E 15 | including thermal 5 115 2L
= entrance effects .
Z A (Gnielinski, 1976) g ;
10 + 10 -2
g
z
S’
5 \ \ \ \ 5
1000 2000 3000 4000 5000 6000
Re

Fig. 8. The results of the heat transfer in the snath horizontal tube (without a
turbulator) in the EA1 design case

One can see fronFig. 8 that the experimental convective heat transfer
coefficient in the hot part (HP) is much higherrtithe one obtained from the
calculations, whereas this difference for the qmda (CP) is not so high and it
remains within the limits of accuracy. Obviouslgetentrance effects occurred
at the entrance of the gas flow at the right anghasse large variations of the
level of the heat transfer. However, it should l¢ed that if one imposes the
temperature correction factor with the exponentugabf m=0.45 on the
experimental data (the right axis of ordinate&ig. 8), which is seemingly the
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maximum value of the exponemtprovided by the literature (see, for example,
Gnielinski (1976)), it is possible to achieve aigfattory agreement with the
calculation results for the isothermal conditioligust shows that the existing
entrance effects, that are responsible for the kmaisfer increase, can be
described by the introduction of the temperaturgemtion factor.

The experimental results of the heat transfer abthin the EA2 case for the
smooth tubes, having small incline relative to thetical axis (<15°), are
shown inFig. 9 versus Re. Here, as it was shown by Bohne & Ohierme
(1986), the small inclination of tubes from the tial axis does not have a
strong influence on the heat transfer and, theeefarther it is assumed that the
behaviour of the heat transfer is identical for teetical tubes. Unfortunately,
due to the technical restrictions of the EA2 expertal set-up, the
experimental data obtained in this research areinwé narrow range of the Re
numbers, that covers only the laminar flow regime.

It is known that for the case of the mixed conwattconditions, when the
direction of the buoyancy force is opposite tofibreed flow (in our case at the
cooling the hot fluid is directed from below upwptcurred in the laminar
flow case, the heat transfer decreases as compeitedthe laminar flow
without the buoyancy force present. However, italso known that the
transition of the mixed laminar flow to the mixadhtulent flow in the vertical
pipes occurs at the smaller values of Re as cordpaitd the flow case, when
the stability loss occurs in the isothermal lamifiaw (see, for example,
Petukhov & Polyakoy1986)). According to Spalding & Taborek (1983) amd
the basis of the similarity parameters Re &Rd,, observed in the current

research, the flow regime is taken to be transi€htis, on the basis of the
above-stated, the correlations of the mixed turtuleonvection flow are
applied for the comparison with the experimentahdaf the present research
(the EA2 design), which were obtained in the smaolie.

The heat transfer coefficient for the mixed coniettwas determined
according to Aicher & Martin (1997) as the resuittiee superposition of the
pure natural and the pure forced convections &swsl

Nuy o +/NUZ #Nug . (39)

Here, the heat transfer coefficient for the purecédd convection flow was
calculated by the formula for the laminar flow biclAer & Martin (1997):

n 3 %

" -%
Nu,  3ee#0r#Yeicz o7& 2 Ve . (40)
| 14 22Pr

The heat transfer coefficient for the pure nate@ivection was calculated by
Churchill’'s equation from Spalding & Taborek (19&3) follows:

1128 Ra

I 2/3 "
1# 4/ 12853 *2Yw 0402pr °° § Ra 9’8(
where Ra is the modified Rayleigh number:

Nuy (41)
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Fig. 9 shows that the obtained experimental heat transfe&rger than the
heat transfer obtained according to Eq. (39). Mik&lly, as for a case of a
horizontal tube, this can be attributed, for thestmpart, to the presence of
strong entrance effects, which are initiated atethigance of the gas flow at the
right angles. It should be noted that the introgurctof the temperature
correction factor with the exponent= 0.45 into the experimental data results
in a satisfactory agreement with the results obthiy Eq. (39). This is
identical to the heat transfer behaviour observethé horizontal tubes of the
EA1 design case.

(42)
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Fig. 9. The results of the heat transfer in the snwaih vertical tubes in the EA2
design case.

In spite of the fact that the convective part of ttonsidered experimental
facilities consisting of the relatively short tubewhere under the given
thermalhydraulic conditions the process of the heatsfer was determined by
the set of various factors, that are hardly takéo account, the obtained results
can be considered only as the qualitative valigatibthe applied experimental
technique. Under these circumstances, the moreotiganethod of verification
of the experimental technique will be the additicingtallation of the twisted
tape. The results on the heat transfer both fortwhsgted tape and the straight
tape will be presented below.

Fig. 10 shows the total heat transfer coefficient, whichsvdetermined by
the enthalpy difference along the tubes, and tmeextive (from the gas flow to
the internal surface of the tube) heat transfefffioient for the twisted and
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straight tapes in the horizontal channels obtaifitedhe EAL1 design case. In
spite of the fact that the experimental data olethifor the straight tape have a
little larger scattering, some qualitative conabunsi can be drawn.

The temperature measurements at the surface afighdgs have shown that
the mean integral temperature of the surface iroHRe twisted-tape insert was
greater as compared with the straight tape in§gdbably, it means that the
convective heat transfer from the gas flow to thdaxe of the twisted-tape
turbulator is higher in comparison with the valuatained for the flat tape
insert. This follows from the identity of the emiigt/ characteristics of both
types of inserts and equality of the convective sadiation heat fluxes, i.e.

such thatg$ .z Ohrs- HOwever, the opposite situation is observed éndbld

part, indicating that the convective heat transfethe surface of the straight
tape is higher.

As follows fromFig. 10, the radiation heat transfer for the twisted tizysert
remains at the same level for both HP and CP zavidte for the flat tape it is
higher in the CP zone. Such behaviour may be pligiréitiributed to the existing
strong entrance effects, which could be suppressethe twisted tape and
could only take place for the flat tape case.
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Fig. 10. The results of the total and convective haetransfer in the EAl
design case.

Generally, the total heat transfer coefficienttfue twisted tape is larger than
for the straight tape. The convective heat transbefficients for both types of
inserts are approximately the same in the HP zatde in the CP zone the
convective heat transfer coefficient for the twistape is noticeably greater
than for the straight tape case. It should be alged that the experimental
results obtained for the smooth tube, which arepmesented irFig. 10, are
guite similar to the convective data obtained Far fiat tape insert.
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The results of the convective heat transfer otwisted and the straight tape
inserts, obtained for the EAL design case are ptedenFig. 11 In addition,
the generalized correlation for the laminar-trdositturbulent flow for the
twisted tape, derived by Manglik & Bergles (1998a for three values of in

the absence of the free convection dueGp4 Sw?, are also presented in
Fig. 11 As one can see froffig. 11, the experimental results for both CP and
HP zones for the twisted-tape insert lie below ¢thes calculated by Eg. (9).
This difference is about 17% in the HP zone, whiléhe CP zone it is smaller
for the same twist ratioy 412This could be partially attributed to the fact

that at the cooling conditions the centrifugal oection in the twisted flow
results in the displacement of the more cold vokimiethe fluid to a peripheral
area of the tube, and this may become the undésifabtor, which is even
capable of the reduction of the heat transfer. 8greement with the correlation
(Eqg. (9)) within 17 % difference can be also thdidation of the given
experimental set-up. In addition, the characterigtend of the experimental
data of the twisted tape shown Fkig. 11 indicates that the heat transfer
coefficient does not depend on the relative lemgjtithe tube L/D for the

considered range df/D .
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Fig. 11. The results of the convective heat transféor the twisted and
straight tapes (the EA1 design case).

Pressure drop characteristics

The experimental research of the hydraulic charaties of the combined
inserts was performed by the EA3 test facility oidiythe isothermal conditions
by the reasons that were stated above. The praisnivalidation tests of the
used experimental procedure were carried out ubmgwisted tape of 412
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whereas the appropriate data for the smooth tulbe mat taken into account, as
it was impossible to obtain the reliable data toe given flow regime (Re =
1000 — 5000) and for the given design of the tasility (the relatively short
flow developing section etc.).

Figs. 12and13 show the experimental dependences of the friddotor for
the twisted tape on the De and Re numbers, respctiHere, the hydraulic
diameter was used as the characteristic lengtthéocalculation of the friction
factor in the first case. The experimental datBhgov & Dmitriev (1989) and
Manglik & Bergles (1993 a, b) are presented in ehfigures for comparison,
respectively. Budov & Dmitriev (1989) proposed fodowing relation for the
laminar flow regime accompanied with the macro eddvhich has accuracy

less than 9%:
_0.2

63
634 0D, 25.6
R S
Re,™™ ] Dper Re,
whereDy, is a diameter of curvature of a centre line of ¢channel formed by
the tube and the twisted tape.

The uncertainties within the 95 % confidence ledethe given experiment
are also shown (the dash lirkgg. 13). As follows fromFigs. 12and13, there
is a good agreement of the presented experimemtia @ith the relations
available from the literature, that is the evidewnta¢he validity of the applied
experimental technique and procedure.
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Fig. 12. Dependence of the friction factor (Darcydn the Dean
number (based on the hydraulic diameter) (EA3 case)
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Fig. 13. Dependence of the friction factor (Fanningon Re (EA3 case).

4.2 Thermalhydraulic characteristics of the combind inserts (integral
values)

Mean convective heat transfer
The experimental results of the convective heatsfiex for the combined
turbulator, obtained by the EA1 and EA2 tests fiedl, are presented as the
function of the Re number iRigs. 14 - 20 The experimental data by Zimparov
(2002), that concerned the combined apply of theugated tubes and the
twisted tape, the results obtained from the catmnaby Eqg. (9) for the pure
twisted tape at different as well as the results obtained by Eq. (3) forphe
rough tubes are also presented on these charts, Btecalculation of the Nu
number by Eq. (3), the geometrical parameters efitlernal tube roughness
corresponded to the ones for the external ribboth@fcombined turbulator as
well as the helix angle of the external ribbon weatkeulated without taking into
account the presence of the internal twisted tapdortunately, due to the
technical restrictions and features of the givdhdtale experimental apparatus,
the obtained experimental data are within a namavge of the Re number, and
in some cases this range is not even overlappedadltiee different applied
fuels, namely a light oil or the wood pellets.

One can see frorRigs. 14 - 20that the heat transfer coefficients for all the
studied combined turbulator inserts are generaligdr than for the pure rough
tube or the pure twisted-tape case. Certainly,ctiraparison of the combined
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turbulator and the pure twisted tape in view of speal tape, considered as the
basis of the combined insert, is not absolutelyueate to perform, since the
width of the internal spiral tape of the combinedbtlator is not the same as
compared with the width of the channel itself (sE&. 3b). As Al-
Fahed & Chakroun (1996) have shown, the increaseabéarance between the
twisted tape and the internal wall of the tube Itesluin the reduction of the heat
transfer.
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v Turbulator N2, y = 1.98, e/D ~0.09, h/D ~2.08 (EA2)
® Turbulator N3, y = 4.04, /D ~0.18, h/D ~2.18 (EA2)
v Turbulator N4, y = 2.39, /D ~0.07, h/D ~1.1 (EA2)
10 , J
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Fig. 14. The results of the convective heat transféor the combined turbulators

It is also obvious that in order to perform thereot comparison of the
combined insert and the pure rough tube, whosetraafer characteristics are
expressed by Eq. 3, the helix angle of ribbing &thdake into account the
presence of the twisted tape. Nevertheless, theoppate calculations with
taking into account the above-mentioned considaraghow that the effect of
the heat transfer enhancement is still meaningful.

The slope of the experimental curves is practicétly same for all the
turbulizers (NOa, NO, N1, N2, N3, N4), and it isryeclose to the one
demonstrated by the pure twisted tape in the ptassearch and also to the
values obtained by Eq. (9) for the laminar flowineg and by Eqg. (3). But, at
the same time, it is smaller as compared with #ta dy Zimparov (2002).

As follows from the comparison of the inserts NOdaK4, there is no
observable difference in the heat transfer enhaaneror the approximately
same twist ratio of the internal tage 2.2 and the twofold reduction of the
relative pitch and height of the external ribbomeTtwofold increase of the
twist ratio of the internal twisted tagye(from ~2 up to ~4) (the inserts N1 and
N2 are under consideration) fefD 0.09 and other geometric characteristics
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being constant, also do not results in a signiticdrange of the Nu number.
Such behaviour is in agreement with the result&inyparov (2002), that did
not show any noticeable change of the Nu numbethi®@smaller values of the
Re number at the increaseyofpproximately from 2 up to 4; the relative height
of the ribs after knurling wase/D 0.04, whereas ate/D 0.2 the
approximately twofold increase of (see NO and N3 inserts) results in the
decrease of the heat transfer.
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Fig. 15. The heat transfer of NOa insert  Fig. 16. The heat transfer of NO insert
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Fig. 17. The heat transfer of N1 insert Fig. 18. The heat transfer of N2 insert
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Fig. 19. The heat transfer of N3 insert Fig. 20. The heat transfer of N4 insert
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Here, it should be noted that for reasons of gegnuatly follows that the
sharp angle, formed between the mean twisted flod the external twisted
tape and calculated via the envelope diametereotuhe, remains constant for
inserts NOa, NO, N1, N2 and N3 for the differenyof

The increasing of the relative height of the exaémibbon approximately
twice at a constancy of other geometrical pararadtéd and NOa) foy 2.16
results in the substantial increase of Nu, while yo 4 (N1 and N3) any
increase of the Nu number was not observed.

Also, as follows from the given charts, the faidpod agreement of the
experimental data obtained by the applying of tliter@ént experimental test
facilities (EAL1 and EA2) for inserts NOa and N2 araling roughly identical
geometrical parameters, is achieved.

Fig. 21 shows the mean values of Nuwhich were obtained by the
numerical simulation, performed under the descritadmbve mathematical
formulation. One can see that the satisfactoryeagemt with the experimental
data occurs in case of the calculation for the lgak temperature, F 573 K
(the minimum temperature that applied during thmeuical tests). The values
of Nuy, calculated for the greater,Tare either larger than the experimental
ones (the runs at, E 673 K) or less them (the runs at3873 K).
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Fig. 21. The numerical results of the convective la¢ transfer for the combined
turbulators

Pressure drop characteristics
The experimental investigation of the mean presdwwe characteristics of the
combined inserts N1, N2, N3 and N4 was carrieday in the isothermal

54



conditions at the EAS test facility. These resualsswell as the results of the
numerical simulation (the integral values) that acgmm the runs under the
isothermal and diabatic conditions, are showhigs. 22 - 27

As it was to be expected, generally, the fricti@etér was substantially
greater in case of the combined insert than for ititvidual devices (the
twisted tape or the internal ribbing). The compami®f the combined inserts
shows that the behaviour of the mean friction fectof all four considered
inserts N1, N2, N3, N4 differs from the behaviodirtioe heat transfer. There
were not the same values fobver all the considered range of the Re number.
The largest values of the pressure drop were shpwthe insert N4 and the
smallest ones occurred for N1. As the Re numbeeases the friction factor
reduces, and the slope of the curves is closeet@apipropriate ones taken place
for the pure ribbed surface (see Eq. (3)), and ismaller than for the pure
twisted-tape case.

As also follows fronFigs. 14and22, the insert having the greatest friction
factor, namely N4, showed the largest heat trarefillancement. At the same
time, the inserts N1, N2 and N3, having the sans transfer augmentation,
have shown the appreciably different values offtlotion factor. The greatest
friction factor took place for the turbulator, whibad the largest relative height
of the external helix ribbon (N3, N1) st 4. It should be also noted that the
increase of/ from 2 up to 4 (the N1 and N2 inserts are intehdesdulted in the
increase off for other roughly equal geometrical parameterd, the given
increment was a little bit smaller than for the guwisted-tape case (see

Fig. 22.
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Fig. 22. The isothermal friction factor of twistedtape and combined
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4.3 Local thermalhydraulic characteristics of the ombined insert NOa and
flow structure

flow structure

Figs. 28 - 35show the velocity vectors of the mean flow in thbe involving
the combined insert, obtained by the numerical Ktman in four various cross-
sections (ZY plane, the flow is directed towardgewer) of the computational
domain at Re ~ 1034 and Re ~ 5906 for the isothecoraitions. These figures
distinctly show the presence of the large-scaldesgdvhich located near the
lower part of the internal twisted tape at the ggifgoside of the external ribbon
relative to the rib. The rotating sense of thesdiesdis the opposite with respect
to the direction of swirling of the twisted tapen® can also observe the
overflows of fluid within the gap, which is formdwy the twisted tape and the
tube wall. The intensity of these overflows gerlgrdepends on the positional
relationship of the external and the internal tajpeshe given cross-section.
Such flow pattern was revealed for all the investid flow regimes both at the
isothermal conditions and the presence of the ¢twatection.

local thermalhydraulic characteristics

Figs. 36, 37show the distributions of the wall shear stresgumferentially
averaged over the internal surface of the tube tla@dNu number depending on
the longitudinal tube coordinate X in the given sg@ection (plane YZ),
respectively. One can see that in both cases tisggutions have periodic
nature.

The wall shear stress curve at the smaller Re nuitibe ~ 1034, i.e. the
isothermal conditions take place) has the formimfisoid, which transforms to
a more complex curve as the Re number increases sitiiation occurred in
those cross-sections, where the maximum or thenmaim of the wall shear
stress is observed for Re ~ 1034, is not alwaysséme as for Re ~ 3691 or
~5906. Moreover, the maximum may be changed byntlmemum as the Re
number increases.

The behaviour of the wall shear stress distribtioncase of the isothermal
conditions at Re ~3691 and Re ~5906 and behawiduthe Nu number
distribution in case of the diabatic conditionsatthre characterized in addition
by the larger values of the fluid velocity as comgohwith the isothermal
conditions, remains the similar depending on Reafbthe discovered values of
Re. One can see that the curves of distributiorthefvall shear stress and the
Nu number have some similarity, though the crossiaes, where the
maximum or the minimum occur, may not somewhatadm It is also evident
that the initially weak peaks of these curves ais¢he Re number increases.

Figs. 38, 40 - 42show the local circumferential distributions ofetlvall
shear stress and the Nu number on the internalwalien the different cross-
sections of the tube (YZ plane). These curves katéed depending on the angle
formed by the counter-clockwise turning of the wrettor OZ relative to the
OZ axis (the positive direction) and expressedegrdes.
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Fig. 38 presents the distribution of the local valueshaf tvall shear stress
for the adiabatic conditions at Re ~ 1034 in thvaeous cross-sections (YZ
plane), corresponding to the computational domaligt i(X = 0 m), and further
to the cross-sections, where the maximum (X = G0Mj and the minimum
(X =0.0375 m) of the circumferential mean valuéshe wall shear stress (see
Fig. 36) were observed, respectively. It is evident that given distribution is
strongly non-uniform, and several pronounced peaks place, that indicates
the non-uniformity of distribution of the fluid meavelocity occurred over the
cross-section. Generally, the number of peaks msnaimost the same from
one cross-section to another; their geometricahrpaters (width and height)
and the radial position vary only. The streamlinéshe mean flow plotted for
the same cross-sections (d6g. 39 obviously demonstrate the behaviour of
the local wall shear stress distribution.

Let us consider in more detail also the minimume (tbross-section
X =0.0175 m) and the maximum (the cross-section 0375 m) of the
circumferential distributions of the mean wall shef&ress along the tube at
Re ~ 5906 (sefig. 36). The appropriate curves of the local values efwall
shear stress in the corresponding cross-sectianshtawn inFig. 40. These
curves show that the minimum of the circumferentilan value, occurred at
X =0.0175 m, seemingly, is caused by the presaricatersection of the
external and internal tapes, that takes placeamgttien cross-section (see also
Fig. 39, while in the cross-section, where the maximunthef circumferential
mean wall shear stress takes place, the extetzoniis located nearly at the
maximum distance from the internal twisted tapeshibuld be noted that the
same behaviour also takes place for Re ~ 3691Figeet]), although it is less
pronounced. At the same time, the situation iseqojtposite for Re ~ 1034.

The distributions of the local Nu number in the ss®ections, where the
minimal (X =0.0225 m) and the maximum (X =0.032§ circumferential
mean values take place (sEg. 37), respectively, are plotted iRig. 42 for
Re ~ 5440. One can see that the maximum of therierential mean value is
seemingly conditioned by the changing towards ticegiase of the peak located
between the angles 270° and 300 °. Here, as inafabe wall shear stress, the
maximum circumferential mean value is achieved wtenexternal ribbon is
located at the maximum distance from the intewadted tape.
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Fig. 32. The velocity distribution (m/s) at Re 5906 on inlet (adiabatic

conditions). The flow is directed towards a viewer.
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Fig. 34. The velocity distribution (m/s) at Re 5906 on YZ plane ai
X = 0.05 m (adiabatic conditions). The flow is direted towards a viewer.

Fig. 35. The velocity distribution (m/s) at Re 5906 on Y-Z plane at
X =0.075 m (adiabatic conditions). The flow is di&cted towards a
viewer.
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Fig. 36. The distribution of the circumferential mean values of the wall shear
stress on a tube wall along X axis (adiabatic coniiibns)
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Fig. 37. The distribution of the circumferential mean values of Nu on a tube
wall along X axis.
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Fig. 38. The wél shear stress distribution at the internal surfa@ of a tube
at three different cross-sections (Re ~ 1034, adiatic conditions).
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Fig. 39. The flow stream lines at three differentmss-sections of a tube
(Re ~ 1034, adiabatic conditions).
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Fig. 40. The wall shear stress distribution at thénternal
surface of a tube at two different cross-section®ke ~ 5906,
adiabatic conditions).

Fig. 41. The wall shear stress distribution at thénternal
surface of a tube for two different Re at the crossection
X =0 m (adiabatic conditions).
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Fig. 42. The distribution of the local Nu at the iternal surface of a
tube at two different cross-sections (Re ~ 5440).
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5. SOME CONSIDERATIONS FOR CORRELATION

DEVELOPMENT AND FURTHER RESEARCH
Unfortunately, the obtained experimental data ase enough to derive the
reliable correlations for the prediction of the hansfer coefficients and the
friction factors depending on various geometricalgmeters of the considered
inserts.

Nevertheless, the qualitative analysis of the fleattern, performed during
the numerical simulation, has shown its similatiiythe case of the applying of
the pure twisted tape. During this analysis thesgmee of the overflows of
fluid, occurred in the gap between the twisted tape the tube wall and
influenced additionally on the heat transfer and piessure drop, was also
revealed. Therefore, it is quite reasonable to ssppthat the heat transfer
coefficients and the friction factors taken plasecase of the combined use of
the internally spirally ribbing tubes and the twisttape, may be correlated
similarly to the case of the pure twisted tapecdisws:

1:combined Nucombined 7 y k (44)

fio N
wherek is the variable, which characterize the influentéhe gap, taken place
between the internal twisted tape and the tube, walkhe friction factor or the
heat transfer. Here, it is assumed that the flothésfully developed turbulent
flow with Re > 10000.

The numerator of Eq. (44) contains the values ofaNdf, that corresponds
to the case of the combined insert, and the deraioinncludes the values of
Nu andf for the ribbed surface, taking into account thange of the attack
angle of the mean flow relative to the ribs, causgdhe additional installation
of the twisted tape. The given attack angle camimessed by the following
formula:

1806 ( rib # twiste tape)' (45)

The assumptions, stated in the given thesis, haga talidated based on the
analysis of the experimental data by Zimparov (30@btained for the fully
developed turbulent flow with Re > 10000. The givaeralysis was performed
as follows. The prediction by Eqg.(2) and (3) wasnerally used for the
calculation of N, andf,, included in the denominator of Eq. (44). Here it
should be noted that these correlations with higlousacy describe the
experimental data obtained by Zimparov (2002) e torrugated tubes. The
difference forf is less than 10 %, and for the Nu number the mawim
difference is less than 25 %. Here the calculadbNu,, by Eq. (44) takes into
account the difference between the slopes of cuplested in the coordinate
frame Nu vs. Re, which were obtained by Zimpard®0@ and by Eq. (3). The
validation on the basis of the above described agur allowed to achieve a
good agreement with the assumptions, which were embdreinbefore.
However, these assumptions are in need of mongaecverification by means
of the further investigations.
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CONCLUSIONS

The given thesis is dedicated to the experimemntdl raumerical investigations
concerning the proposed technique for the heasfearintensification in the
convective part of the fire-tube boilers.

The integral values of the total and the convectieat transfer for the
combined heat transfer intensifying inserts of aasi geometrical parameters
have been obtained experimentally during the ftdlls tests. The hydraulic
characteristics of the inserts have been studiedhf® isothermal conditions
with the help of the experimental set-up, which Haeken designed and
constructed by the author of the given thesis. Aisfatory qualitative
agreement has been achieved with the results, nglstaby the full-scale
experimental set-up. The significant increase @f tieat transfer coefficients
(up to ~50 %) has been obtained as compared wéhptite twisted tape at
simultaneous faster rise of the pressure drop.

The additional investigations of the smooth tulimight and twisted tape
have been performed for the validation of the ai@diexperimental results.

The three-dimensional numerical simulation has besmied out for the
fully developed flow by means of the RNG turbulence model with the
applying of the FLUENT CFD code. The numerical dimtion covered the total
range of the flow regimes observed in the expertaigrart of the given thesis.
The simulation was performed for the combined insehich was identical to
the one applied in the horizontal channel during fbll-scale tests. The
computed integral values of the convective heatsfiex coefficients and the
friction factors have shown a good agreement withéxperimental data. The
obtained local longitudinal and circumferentialtdisutions of the heat transfer
coefficients and the wall shear stress on the nalesurface of the tube have
shown their periodic nature.

Based on the analysis of the flow pattern in a tubegresence of the
combined insert as well as the experimental dataZibyparov (2002), the
method for the prediction of the heat transfer ficiehts and the friction factors
have been elaborated for the fully developed tenulow regime.
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