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MEASUREMENTS OF TWO-PHASE, DISPERSED FLOW
PERTURBATIONS WITH SPECIAL REGARD TO HEAT
TRANSFER PHENOMENA

The paper presents results of the heat flux fluctuations measurements performed on the surface
of the horizontal cylinder 29 mm in diameter, mounted in vertical column, 0.19 m I.D. The air
flow through a stagnant water was tested with its flow rates under the bubble, transition and
churn flow regimes. In order to analyze the influence of liquid eddies of various scales ap-
proaching the cylinder surface the hot-film anemometer with 0.2 x 0.75 mm heated film was
used in a constant temperature system. Statistical analysis of recorded signals was performed
and some properties of the fluctuations are presented versus air superficial velocity, void
fraction and sensor position. According to the obtained data the main intensification of the
transport processes results from the random and local but anisotropic perturbations.

Nomenclature

ACF - autocorrelation function

E — sensor voltage (E; — for zero gas flow rate)

H — height of air-water mixture (H, — water height for no gas
flow)

PSD — power spectral density function

o — sensor operating resistance

W = EYE; — nondimensional heat losses

w — mean value of W

Vs — air superficial velocity (air flow rate/column cross section)
in the inlet section

o — averaged void fraction

[0} — sensor angle (see Fig. 2a,b)
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An essential feature of gas-liquid flow is the existence of perturbations having
various scales and frequencies. Contrary to a single-phase turbulent flow they
appear not only due to the energy inertial transfer from the large scales, but
also as the effect of the relative motion of both phases coupled with the inter-
face deformation of exceedingly complex character. As the result of this, there
is no clear distinction between the laminar and turbulent regimes of such

a flow. In fact, the significant movement in the small scales can be encoun-

tered even for the astonishingly low gas and liquid flow rates.

The direct influence of this phenomenon on the mass, heat and momentum
transport is a well known fact. For example, the numerous investigations (e.g.
[1, 2]) of heat transfer from the wall and immersed elements of the vertical
flow of gas-liquid mixture have clearly showed the heat transfer coefficients
.are many times larger that for single-phase flow. The obtained values exceed-
ed 5000 W/(m?:K) for the gas superficial velocity as low as 0.1 m/s and the
zero liquid flow rate. However, the mechanism of the phenomenon has not
been yet clearly understood. Kast [3] was the first who noticed that the usual
concept of heat transfer through the boundary layer does not apply to the fluid
motion caused by the relative movement of one phase with respect to the
other. Various models were proposed to relate transport coefficients with the
flow properties, the most widely used being the energy dissipation analysis
based on the Kolmogoroff’s isotropic turbulence model, e.g. [4, 5]. However,
for some regimes of the two-phase, buoyancy driven, dispersed flows ever the
small eddies may be anisotropic, so the validity of this approach should be
checked in more detail. In fact, the influence of particular bands of the pertur-
bation frequencies on the transport phenomena remains unknown.

This paper presents results of the experiments directed towards identifica-
tion of small-scale perturbations interactions on heat transfer in the immediate
vicinity of the rigid surface in a vertical column under bubble, transition and
churn flow regimes, defined {6, 7] as follows (Fig. 1):

. — bubble flow: small gas bubbles are dispersed homogeneously in the
liquid phase,

— transition regime: the dispersed flow is not homogeneous due to large and
slow perturbations of void fraction — identified ([8, 9])
as clouds of small bubbles for which distinctive large
slugs are not observable,

— churn flow: the bulk of the gas phase flows in the form of large
bubbles having irregular shapes and dimensions compa-
rable with the diameter of the column.
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Fig. 1. Flow patterns (regimes) tested in the present experiment: a) bubble, b) transition,
¢) churn flow

It is necessary to distinguish between the bubble flow and the transition or
churn flow regime. In the former the energy is supplied directly to the small
(i.e. comparable with the diameter of small bubbles) scales, while the latter
contains perturbations of the wide band of sizes and frequencies. Thus, the

heat transfer for the particular flow regime is affected by the quite different
interactions. '

1. EXPERIMENTAL SET-UP AND DATA ACQUISITION

A schematic diagram of the experimental set-up is shown in Fig. 2a, b. In
order to exclude the influence of the shear flow of the continuous phase, the
air flow through stagnant water has been tested in a vertical column 2 m high,
0.19 m LD., at atmospheric pressure and room temperature. The column (2)
was constructed of transparent perspex, 5 mm thick, to facilitate the visual
observations of the flow regime. To minimize the fluctuations of gas pressure,
a gas chamber (6), 0.3 m high and of the same diameter as the column, was
attached to the column bottom.

The dispersion of air as bubbles was achieved by passing the air through
the sieve-plate (5) into the water. The sieve-plate, partitioning the column and
the gas-chamber, was made from the copper plate, 0.3 mm thick, with 450
drilled holes, 0.5 mm in diameter. The typical equivalent radius of the gener-
ated bubbles was equal to 2-4 mm. The column was operated continuously.
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Fig.2a. Experimental set-up: 1 — water storage tank, 2 — column, 3 — copper cylinder 29 mm
in diameter, 4 — hot-film anemometer, 5 — sieve-plate, 6 — gas chamber, 7 — air rotameter,
8 — control valve, 9 — calming tank, 10 — rotary blower

Air supplied by the rotary blower (10) was fed into the gas chamber through
the calming tank (9), control valve (8) and rotameter (7). A distilled water
was charged into the column after its temperature was controlled in a storage
tank (1). The air superficial velocity V, ranged from zero up to 0.18 m/s,
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copper plate 0.3 mm thick
with 450 drilled holes,
0.5 mm in diameter

Fig.2b. Experimental set-up: 2 — transparent column, 3 — copper cylinder, 4 — sensor of
hot-film anemometer, 5 — sieve-plate (gas distributor)

which corresponds to the bubble, transition and churn flow regimes. The ave-
raged void fraction in the column was obtained by measuring the level of the
aerated water during operation H, and that of clear water H, (H, = 0.82 m
for all measurements). Thus, the average void fraction o is given as:

o = (H-Hy)/H
with a relative error varying from 5% for bubble regime up to 15% for churn
regime ([9]).
In order to obtain information on the local and instant interactions between

the liquid eddies and the rigid surface, the changes of heat flux on a small
heated element has been measured by means of the hot-film anemometer.



55R46 DANTEC hot-film, flush-mounting probe was used in a constant tem-
perature system. This probe has 0.2 x 0.75 mm nickel film deposited on
a quartz cylindrical base and protected by a quartz film of about 2 pym thick-
ness to secure the nickel sensor against breakthrough and against electrolysis.
The probe was inserted in a perspex plug and then mounted in a hole in the
cylinder (3), placed horizontally in the column 0.6 m above the sieve-plate, so
that the sensor was positioned flush with its surface. The measurements were
performed for the seven sensor positions, i.e. for angle ¢ = 0°, 30°, 60°, 90°,
120°, 150° and 180° (Fig. 2a, b).

Temperature coefficient of sensor resistance at 20°C and sensor resistance
at 20°C were 0.41%/°C and 8.25 Q, respectively. The overheat ratio was
selected as 1.12, which corresponded to the temperature difference between
the nickel sensor and the water in the column equal to 26°C and sensor oper-
ating resistance R, =9.23 Q. The output voltage signal from the bridge,
corresponding to the sensor voltage — E was sampled and digitized with the
10-bit analog-to-digital converter and fed into IBM personal computer.

Sampling rate was selected as 500 Hz. This value exceeded many times the
bubbles passage frequency which is no higher than 30 Hz. However, accord-
ing to previous results [10, 11, 12], the signals contain impulses of large am-
plitude and typical pulse width close to 0.05 s. Thus, the sampling frequency
was selected in order to analyze this phenomenon in more detail.

Each one of the recorded signals contained 4096 data points so the total
record time was close to 8 s. The latter value corresponds to a period of large
and slow void fraction perturbations typical for the transition regime [8].

2. RESULTS

Some of the recorded signals are presented in Fig. 3, 4, 5 in the form of non-
dimensional sensor heat losses fluctuations: W = EzlEg . For the selected
system conditions the E; values were equal to 0.60, 0.61 and 0.59 V for angle
¢ =0° 90° and 180° respectively, with their standard deviation smaller than
1 mV. Thus, E: /Rop is close to 0.04 W. The latter value is large, because of
the significant heat conduction through the quartz base of the probe. It is
necessary to point out that since the probe was not calibrated the instant
values of W could not be related to the sensor surface.
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Fig.3a. W fluctuations for V; = 0.021 m/s, & = 0.10, ¢ =0, 90 and 180°, bubblé regime
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Fig.3b. W fluctuations for V; = 0.063 m/s, e = 0.10, ¢ =0, 90 and 180°, transition regime
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Fig.3c. W fluctuations for V; = 0.158 m/s, @ = 0.10, ¢ = 0, 90 and 180°, churn flow
regime
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Fig.4. W fluctuations for V = 0.021 m/s, ¢ = 90°% (b) — ,stretched” part of upper signal (a)
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Fig.5. W fluctuations for V; = 0.021 m/s, ¢ = 180°; (b) — ,stretched” part of upper signal (a)



The character of tluctuations strongly depend on sensor position. For angle
¢ =90° the recorded variations are similar to those described in [10] for
wall-column measurements with their main feature being the impulses of large
amplitudes (Fig. 4). It is observable that the higher frequency component is
embedded in the slower. While the latter is related to the bubble passage fre-
quency the former probably results from the bubbles oscillations. This phe-
nomenon is not observable in the upper part of cylinder. All signals for @ < 90°
show a relatively slow frequency component and smaller mean value that
those for ¢ > 90°. The number of impulses observed per time unit is the
highest on the bottom part of cylinder — in the region of large bubbles con-
centration and small velocities. This confirms the explanation of the phenome-
non as a result of bubbles oscillations rather than their upward movement.
Another important feature typical for ¢ > 90° appear due to the bubbles
approaching the wall. The ,attached” gas bubble causes the rapid decrease of
heat transfer and thus W becomes smaller than one (Fig. 5). The typical time
of bubble attachment varies from zero up to 0.05 s and further growth of heat
transfer is very fast — W jumps to 2-3 in 0.002 s. This is probably result of
rapid interface distortion coupled with the liquid movement in the sensor
vicinity.

The autocorrelation functions (ACF) of W are plotted in Fig. 6 and 7. The
main discrepancy of the ACF consists in the slope of the curves for particular
¢ and flow regimes. For the bubble flow (Fig. 6) the time microscale strong-
ly depends on ¢ with the largest value for ¢ = 30-60°. This tendency de-
creases with gas superficial velocity V;. For all flow patterns the microscales
for @ = 180° are the smallest and close to each other. This is a direct effect
of the impulses appearing in the signals.

The estimates of power spectral density functions (PSD) of the raw E
signals are illustrated in Fig. 8-13. Since these signals were no processed, the
ordinate values have no physical meaning and are given to enable comparison
of the intensity of the particular frequency bands. Only the PSD obtained for
¢ =90° (Fig. 10, 11) give clear indication for flow pattern identification.
They are similar to those observed in the wall-measurements with their main
features being: small power spread up to 10 s™! for the bubble flow (Fig. 10a),
distinctive strong peak at low frequency for the transition regime (Fig. 11a)
and the higher components embedded in the predominant low one for the
churn flow (Fig. 11b). For ¢ = 0° all the spectra are similar to each other and
indicate the strong peak at frequency lower than 1 s™! (Fig. 8, 9) probably due
to the water circulation in the vicinity of the upper part of the cylinder [11].
For the bottom part of it (¢ = 180°, Fig. 11, 12) PSD are strongly influenced
by the impulses appearing in the signals. This influence is exactly the same as
that of the random noise with a large variance. For this reason most of the
particular peaks observed have probably no physical reality.
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Fig. 6. Autocorrelation function (ACF) vs sensor angle ¢ for bubble flow regime: a)
Vs =0.021 m/s, b) V, = 0.042 m/s
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Fig.7. Autocorrelation function (ACF) vs sensor angle ¢ for: a) ¥ = 0.063 m/s, transition
regime, b) V,; = 0.158 m/s, churn flow regime
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Fig. 8. Power spectral density function (PSD) of E signals for ¢ = 0° and: a) Vg = 0.021 m/s,
b) V; = 0.042 m/s
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Fig. 9. Power spectral density function (PSD) of E signals for ¢ = 0° and: a) V; = 0.063 m/s,
b) Vi = 0.158 m/s
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Fig. 10. Power spectral density function (PSD) of E signals for ¢ = 90° and: a) ¥V,
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Fig. 11. Power spectral density function (PSD) of E signals for ¢ = 90° and: a) Vs = 0.063 mfs,
b) ¥, =0.158 m/s
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Fig. 12. Power spectral density function (PSD) of E signals for ¢ = 180° and: a) V; = 0.021 mvs,
b) V; = 0.042 m/s
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Fig. 13. Power spectral density function (PSD) of E signals for ¢ = 180° and: a) V; =
= 0.063 m/s, b) V; = 0.158 m/s

It should be noted that also in the churn flow regime the dominant contri-
bution to the flow fluctuations occurs at approx. 1 s™' and also that the fluctu-
ation components above 20 s~! are almost negligible. The latter fact is in some
contradiction with the observed signals character for ¢ = 180° (Fig. 5). Thus,
selection of the sampling rate according to the above estimation (the Nyquist

frequency equal to 20 s™!) may lead to the significant losses of the information
about fluctuations nature.
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Fig. 14. Void fraction « and averaged W -1 plotted vs gas superficial velocity ¥V, for
o =90°
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Fig. 15. Averaged value W -1 plotted vs sensor angle ¢ for gas superficial velocity V, =
= 0.021, 0.042, 0.063 and 0.158 m/s



10 r1g. 14 We Mean vaiue of W - 1 and void Iracton ¢ are plotted agaimnst
the gas superficial velocity V. The distinct increment of W value occurs at the
bubble and transition regimes, while it remains constant after the churn flow
boundary is approached. The further increment of V, and thus the growth of
mechanical energy input causes no changes of W. This fact is in contradiction
with the theories predicting the direct relationship between the heat transfer and
the energy dissipation rate in the two-phase flow. Contrary to the heat transfer
from ,,large” elements ([2, 5]), the major increment of W occurs not only at the
bubble flow but also at the transition regime.

The dependence of W on ¢ is shown in Fig. 15. For all flow structures W
is higher on the bottom side of the cylinder. It seems that the high intensity of
heat transfer in this region results from large impulse frequency which is not
correlated with bubble velocity. Moreover, the bubble attachment to the heated
element does not decrease significantly transport phenomena — it probably led
to shifting the maximum value of W from ¢ = 180° to ¢ = 120-150°.
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POMIARY ZABURZEN ZDYSPERSOWANEGO PRZEPLYWU
DWUFAZOWEGO ZE SZCZEGOLNYM UWZGLEDNIENIEM
PROCESOW TRANSPORTU CIEPLA

Streszczenie

W pracy przedstawiono wyniki pomiaréw fluktuacji strumienia ciepla na powierzchni cylin-
dra zamocowanego poziomo w pionowej kolumnie. Badano przeptyw powietrza przez stup wody
przy pecherzowej, przejSciowej i pienisto-turbulentnej strukturze przeptywu. W celu okreslenia
oddziatywari réznoskalowych zaburzeri cieczy na powierzchnie cylindra uzyto statotemperaturo-
wego anemometru z sonda powierzchniowa, ktérej czujnikiem byta podgrzewana warstwa niklu
o wymiarach 0,2 x 0,75 mm. Przeprowadzono statystyczna analize zarejestrowanych sygnatéw
i niekt6re z otrzymanych parametréw przedstawiono w funkcji pozornej predkosci gazu, jego
udziatu objgtosciowego oraz potozenia czujnika. Wyniki wskazuja, iz intensyfikacja wymiany
ciepfa w badanym procesie zalezy w pierwszej kolejnosci od matych, losowych, lecz anizotropo-
wych zaburzen pola predko$ci w fazie cieklej.

H3MEPEHMHS IIEPTYPBAIIUHA
JUCIIEPCHOI'O IBYX®A3HOT'O IIOTOKA
C OCOBBIM YYETOM ITPOILIECCOB TEILIIOITEPEHAYHA

Kparkxoe comepxaruHue

B paGoTe mpencTaBleHEl DE3yNETaThl HM3MepeHHS GIIOKTYaOUW ITOTOKA TeIla Ha
IOBEPXHOCTH DIHIWHAPA TIOPH30HTANLHO 3aKPEINIEHHOTO0 B BEPTHEAIBRHOM KOJIOHHE.
HMccnemoBalloch TeYeHHE BO3MyXa 9Yepe3 BOJSHOM CTON6G INPH Iy3bIPYATHIX, IIEPEXOI-
HBIX ¥ II€HUCTO-TYPOYIEHTHBIX PEXWMAX TedeHHS. UTOOLI ONpelelNdTh BO3LENCTBHE
IepTypOanuif XWAKOCTE B DA3HOM CTENEHM Ha IIOBEPXHOCTh IUIHMHIpPA HMCIIONH30BaH
TIOCTOSSHHOTEMIIEPATYPHEIA aHEMOMETD C NOBEPXHOCTHHIM 30HIOM, ONTHMETDPOM KOTO-
poro GBI TePMHYECKM aieMenT pasmepoM B 0,2 x 0,75 mm. ITpoBefieH CTATHCTHIECKMIX
aHANW3 PErvCTPHPOBAHHBIX CUTHAJIOB W HEKOTODPHIE K3 IIONYYEHHBIX ITApAMETPOB IIpen-
CTaBNeHB! B (YHROWM IPHBEIEHHON KAXYIIEHMCH CKOPOCTH ra3a, MCTHHHOTO O6BEMHOTO
ra3ocomepXaHrdsd H IIOJOXEHWS ONTHMeTpa. Pe3yNbTaThl MOKA3RIBAIOT, 9TO IJIABHOM
NIpAYMHOH WHTeHCHbURKATAM Temroo6MeHa NBISIOTCA IpPEXIE BCEro MEIKHE, CIydam-
HEIE, HO aHH30TPOIHEIE HepTypOaluy MO CKOPOCTH B XHIKOH dase.



