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MODELING OF HEAT TRANSFER IN DOWN FLOWING ANNULAR
VAPOR-LIQUID FLOWS
Petrenko V., ScD, Assoc. Prof.; Pryadko M, ScD, Prof.;
Ryabchuk O, PhD, Assoc. Prof.; Boyko V., PhD, Assoc. Prof.
National University of Food Technologies

Introduction. Most of the proposed algebraic models of turbulent viscosity for
film flows only approximate the real distribution of turbulence in the cross section of
the film according to published experimental data. The existing models have a
discrete layered structure, and the solutions of the heat and momentum conservation
equations using these ratios are only numerical. An improved model of turbulent
viscosity is proposed, and based on it, an analysis of thermohydrodynamic processes
in liquid films during vaporization is carried out.

Materials and methods. Physical modeling was performed in pipes: d =22 x 1
mm, L=1,8m,and d =33 x 1,5 mm, L =9 m. The bulk density of irrigation varied in
the range of 0,05...0,55 10~ m?/s in the pipe d = 20 mm, and 0,05...1,9 10 m’/s in
the pipe d = 30 mm. Model liquids — water and sugar solutions with a concentration
of up to 70% at atmospheric pressure and a vacuum of up to 0,86 bar. Heating was
carried out with dry saturated steam.

Results and Discussion. In engineering calculations, the integral characteristics
of heat transfer in films during vaporization are often determined through the time-
averaged characteristics of the film, in the form

1 d Pr, v Jdn’ (1

where g — heat flux; |- heat conduction of liquid; h= y/d— dimensionless transverse
coordinates; ¢ — temperature; d — film thickness; y — normal to the heat surface
coordinate; Vv,,v — turbulent and molecular cinematic viscosity coefficient,

respectively; Pr, Pr— turbulent and molecular Prandtl number, respectively.
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The main condition for the correct application of (1) is the adequacy of the
turbulent viscosity model. A characteristic feature of film flows is the presence of a
zone of suppression of turbulence by the interphase surface of the film. Measurement
data of velocity pulsations indicate a rapid attenuation of turbulence within the
interphase surface [1], while in the wall region the shape of the turbulent viscosity

curve corresponds to a single-phase flow, Fig. 1.
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Fig. 1. Dependence of turbulent viscosity on the thickness of the water film (¢ =
20 °C). when flowing down a vertical surface [2] Re = 1310, (method of stroboscopy
of aluminum oxide microparticles).

Most of the published algebraic models of turbulent viscosity for film flows are
given in [2], but none of them correspond to the real distribution of turbulence in the
cross section of the film, Fig. I. To model turbulence and, accordingly, transfer
processes in a vertically flowing film, consider the expression

v

e, &
where — e is the maximum value of the turbulence function at the top of the side-
shifted interphase surface of the parabola, which qualitatively reproduces the curve in
Fig. 1. Taking Pr; =1 under the boundary conditions h= 0, ¢ = ¢,, from (1, 2), we
obtain the temperature profile in the film

t=t, - 40 2H {]Ath[ﬁspr ]—A th(«rapr H’ 3)
A (4+ePr)| R R A4

and from (3), under the condition h=1, ¢ = ¢, the temperature on the interfacial

[—t —@ \FH |: Art h{ﬁspr]l/lrth{\/igpr]:l’
R A A

A (4+¢Pr) R

surface ¢;

where H =+/4gPr+&>Pr> ; A=~/ Pr’—ePrH ; R=~[e’Pr’+ePrH ; f, — pipe wall
temperature.

Expressing the heat transfer coefficient as , o = —1 we get

w i
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The film thickness d is present in expression (4), which is determined from the

equation of motion

78 g8 du
p—V+T( [1+8(T] - )]dﬂ ®)

where t;— shear stress on the film interface; u— velocity; r— density of liquid.

From (5) under the boundary conditions h =0, u =0, we get

)

where h=+4c+¢ ; a:\/az—sh; r:\/82+8h; n—|: A zh[fsj lA h[(‘gﬂ

a

Accordingly, the average speed u,,

7,0 g52 «/Eh «/5 a’-2¢&* «/5 [r]
u, = + n———>In ——1In| — | |-
pv v Jd+e) de \r*-2¢7) 2¢ \a

O {u th( ) ﬁh[lmﬂ{ﬁg] o Ant h[IgDﬁgn]
vh h r r a a 2

Given that d= I,/ u,, the expression for finding the average thickness of the film

takes the form

3
r, = (T & JD & (ph-B), (6)
pv vh
where B = {ZArzh(zj—?[l ((S]+ Art h[ISD—\/ZESn} , I,— volumetric liquid
r r a a
2 2
s i 0= S 5]

The function e was found by comparing experimental and calculated values of
heat transfer coefficients in the mode of evaporation from the interphase surface
using (4). For water and sugar solutions during vaporization in pipes of different
diameters, an expression for the e was obtained

£=5-10"° Re1*4{1+3,6{1—exp(1—;H}, (7

where d is the diameter of the pipe; d,= 0,02 m.

Graphical interpretation of the results of calculations according to (4, 7) for
freely flowing films of water in the mode of evaporation from the interphase surface
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in pipes of different diameters and comparison with experimental data are shown in
Fig. 2.
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Fig. 2. Dependence of a =f{Re) for pipes of different diameters: 1 —data of the
authors, d=20mm;2 — d=30mm;3 —,d=32 mm, water, t= 100 °C.
In the presence of vapor velocity above the surface of the film, its thickness as well as
the amplitude of the waves decreases, which leads to suppression of turbulence.
Comparing experimental data on heat transfer to liquid films in the presence of
interfacial shear stress with calculated data, we obtain an expression for the function
of suppressing turbulence in the film by the vapor flow f, in the region We < 250

7, =S[1-01exp(-1,1086-/we), ®)
where
S =1119-0,122-/We + (0,07424 + %)(MY —~0,01808(/We) +1,775-10° (Jive)' -

~7.8107 (Ve ) +1.28-10° (Ve ),

2
d . . .
We = P2"2% _ the Weber number; >, r,—velocity and vapor density, respectively; s—
c

surface tension. The graphic interpretation of (8) is shown in Fig. 4.
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Fig. 3. Dependence of f,=f{u,) at atmospheric pressure:
1 — Re =1000, 2 — 3000, 3 — 6000, 4 — 9000.
In the end, the algebraic function of the distribution of turbulent viscosity in
falling films with accompanying vapor flow in the range We < 250, I, < 0.6 103 m*/s
for pipes with diameters from 20 to 32 mm (the investigated range) takes the form

Vi _5.10° Rel"‘{l + 3,6{1 - exp(l - :H}fmz (1 - nz) 9

A%

o
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Graphical interpretation of (9) for different phase costs is shown in Fig. 4
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Fig. 4 Dependence Yooy (n) according to relation (9) for water at # = 100 °C,
\%
d=0,02 m, u;=10m/s, 1 — Re = 1356; 2 — 4068; 3 — 6780.
The results of comparing the calculated values of heat transfer intensity for films of

water and sugar solutions during vaporization with experimental data are shown in
Fig. 5.
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Fig. 5. Dependence a=f{u,) for water and sugar solutions for a pipe, d = 20 mm;
1,2 — water, t=100°C, 1 -I,= 0.5 10° m?%s,2 — 0.3 103, Pr=1.79; 3,4 — sugar
solution, ¢ =100 °C, DM = 40%, Pr = 5.58. Lines — calculation according to (3, 5, 8)

Conclusions
1. An algebraic model of turbulent viscosity is proposed, which qualitatively

reproduces the real distribution of turbulent viscosity over the entire thickness of the
film flowing down the vertical surface.

2. Based on the proposed model, analytical expressions for temperature and velocity
profiles in the film and the corresponding integral thermohydrodynamic
characteristics for both free flow and motion with a concomitant flow of steam (gas)
are obtained.
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