HEAT TRANSFER IN THE FLOW OF A
LIQUID-METAL FILM UNDER GRAVITY ON
A VERTICAL WALL

G. I. Gimbutis UDC 536.242: 532.62

Semiempirical turbulence theory has been used in the study of heat transfer for a liquid-metal
film falling under gravity on a smooth vertical wall,

It has been shown [1] that the local heat-transfer coefficient in turbulent flow of a film of liquid under
gravity on a flat wall can be defined from
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If the physical parameters of the film are constant, q, = const, 0p, = éh = §, and if there is no heat
transfer to the surrounding medium, then it is found [1] that
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If the density of the surrounding medium is neglected, then it is found [2] that for a film on a vertical
wall
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where N = 1 for n = 25, while for 9= 25 we have
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Fig. 1. The dependence of Nuy, on Re and Pr: 1)
Nu,. = f(Re) for laminar flow,
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Fig. 2. The dependence of Nugy on Pe: 1-8)
theoretical calculations for Re = 2000, 4000,
7000, 10,000, 20,000, 40,000, 70,000, and
100,000; 9) calculation from (13).
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Heren=1 and o = 0.4 for developed turbulent flow (Re > 1.5* 104) and n = f(Re) and o = f(Re) for
transitional-state flow (Re < 1.5- 104).

The relationship between 75 and Re is given by

n

s
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The turbulent viscosity is defined by
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It has been shown [1] that calculations of the heat transfer from the above equations agree well with
measurements for water films, i.e., for Pr > 1 if we assume that Pr; = 0,9 = const in accordance with {3].

Numerous studies have shown that the semiempirical theories of turbulence can also be used for heat
transfer for liquid metals flowing in pipes [4-8]. We can therefore assume that (1)-(6) can be applied also to
liquid-metal films, provided that Prt may be determined.

In general, Pr¢ is dependent on Pr and the turbulence, so it is commonly represented in the form Pry(Pr,
€./V), Pry(Pr, 1), or Pry(Pr, n, Re); it has been found that for liquid metals (Pr <« 1) the turbulence is the
major factor, and the value may be greater or less than 1 [3, 9-14]. On the other hand, the simple assump-
tion that Prt = 1 produces satisfactory agreement with experiment when a correction is applied for the
thermal contact resistance at the wall—liquid boundary [4, 5, 7, 8]. The reason is that Pr, differs substantially
from unity only if the turbulence is slight, in which case the turbulent transport is only a small fraction of the
total transport, and therefore the value is without much effect on the result. Consequently, it would seem that
one can assume Pry = 1 = const in order to calculate the transfer for a flowing liquid-metal film, but high
accuracy requires the value to be determined from [9, 10], inwhichthe quantity Pr; is represented as a function
of Re. Those data are represented satisfactorily as follows:

Pr, = 4.4Re 1%, (7

Since (7) relates to a liquid metal in a tube, one has to examine whether it can be used for a film; how-
ever, it has been shown [2] that Re expressed in terms of the equivalent diameter is a fairly general
characteristic of the flow in a film or tube. For instance, a major hydrodynamic parameter such as the coef-
ficient of friction has a dependence on Re for turbulent flow in a smooth tube almost the same as that for
turbulent flow in a film on a smooth wall. This enables us to assume that (7) is applicable also to a liquid-
metal film,

This definition was used in numerical calculations from (1)-(6); Fig. 1 shows the result.

Transition from laminar flow to turbulent flow for Pr < 0.04 causes the heat-transfer coefficient to fall
more rapidly as Re increases, as was first observed in theoretical studies on the condensation of metal vapors
6] and which arises because the turbulent flow increases the frictional resistance, and this increases the film
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Fig. 3. Thermal cdntact resistance for a flowing liquid metal: a)
in a continuous tube (1: heavy metal [8}; 2: Na—K [8]; 3: Na [15]);
b) inner tube composed of ring segments (1: Na—K [8]; 2: Li [8]).

thickness and the thermal resistance of the film. Since the turbulent transport is of minor importance for
Pr « 1 when the turbulence is slight, the heat-transfer coefficient becomes less than that for laminar flow,
It requires a further increase in Re and the turbulence for the turbulent transport to predominate, in which
case o begins to rise again,

The exact values derived in this study differ somewhat from those of [16], since the heat flux varies and
the heat-transfer coefficient is calculated not in terms of the total temperature difference across the film, but
in terms of the temperature difference between the wall and the mean film temperature.

Theoretical and experimental data are usually processed as Nu = f(Pe) for a 1iquid metal in a tube; in
order to process our data in such a form it is necessary to calculate the Nusselt number in terms of the
equivalent film diameter,

If we neglect the surrounding medium entirely, the tangential stress at the vertical wall bearing the film
may be expressed as

1, = 0.250gd. (8)

Then the dimensionless equivalent diameter of the film is
n,= 2 _ 4y 535 ®)

v v

It follows from (9) that
2\ 2
d=13~"'3?(—v— )3113. (10)
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If we substitute for ¢*/g)'/? in (10) in terms of Nu,, we get a relationship between the latter and Nuy:
Nu, = 158707 Nup (11)

For a film flowing on a flat wall, d = 46 and 54 = 47, so the relationship between n 4 and Re is given by
(5); it has been shown [1] that this relationship is fitted by the empirical relation

1, = 32 4 0.127 Re"*2. (12)

Then (11), (12), and the data of Fig. 1 serve to define Nuy = f(Pe), which is shown in Fig. 2 and which
can be represented closely by the empirical equation

Nu, = 9 + 0.04Re™, 4 (13)

These results correspond to the case where there is no thermal contact resistance R, at the wall—liquid
boundary; if R, is finite, the heat transfer may be much lower, as occurs when a liquid-metal coolant is
contaminated by gaseous or solid impurities. It is found [8] that suspended particles tend to accumulate near
the wall in a liquid metal, and the turbulent mixing leaves a persistent layer of impurities in the viscous
sublayer, whose thickness is proportional to the thickness of the latter. This is confirmed by measurements
on liquid metals flowing in tubes, which show that R, decreases as Re increases and as the thickness of the
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viscous layer falls {8, 15]. The results also show that Rc at first increases with the total impurity content,
but subsequently becomes virtually independent of the latter. This is ascribed [8] to saturation of the viscous
sublayer with impurities and is confirmed by the observation that the total concentration giving the limiting
thermal resistance (Rg, 1i) is dependent on Re. For instance, it is found [15] that this limit is obtained for a
total O, concentration of about 0.07% by weight for oxygen in flowing sodium provided that Pe = 1000 (Re =~
150,000), whereas the limit is attained only at about 0.1% O, if Pe = 100 (Re = 15,000), so the thickness of the
viscous sublayer increases as Re falls, and therefore the layer requires more impurity for saturation.

Therefore, sincethe contact resistance for a liquid metal in a tube is determined mainly by the hydro-
dynamics of the flow, we can estimate the limiting contact resistance for a turbulent liquid-metal film,

If this Re, 1 is due to a persistent layer of impurities near the surface, whose thickness is proportional
to the thickness of the viscous sublayer, then we can assume that

R, y=c¢ 13 (14)
Further, if we assume that 5, = const as a first apprommatlon (the Nikuradze—Ksrman three-layer
scheme gives 7, = 5), and if we bear in mind that 6v/d = ny/ng> then we have from (14) that
R <
b M onst, (15)
It is readily shown that the relationship between 74 and Re for turbulent flow in a tube is
. nd’Z
4 (- 20/ng)gdn =Re. (16)

0

If we use a three-layer Nikuradze—Kdrmsn scheme: ¢ =7 for 07 < 5, ¢=5 Inn—3.05 for 5=17 =30,
and ¢ =2,5In7+5.5for830 =7n =0.57 @ then integration of (16) and certain other operations give us

Re = 2.5n, In 1, —255. am

Numerical calculations readily show that (12) and (17) give almost identical results, so (10) indicates
that d/ nq has the same Re dependence for turbulent flow in a smooth tube and a turbulent film on a smooth
vertical wall,

Velocity-distribution measurements on films [2] show that the dimensionless thickness of the viscous
sublayer can be taken as being the same as for a fiow in a tube.

Therefore, if we assume that the constant of proportionality ¢ in (14) is the same in both cases, it follows
that Re, 1i Ang/d should also be the same.

Figure 3 shows this complex as a function of Re; this has been derived from (17) and measurements on
the limiting contact resistance for liquid metals in tubes [8, 15]. The results of Fig. 3a correspond to
continuous tubes, while those of Fig. 3b relate to a tube composed of ring segments; it is clear that in both
cases Re 1j Ang/d scarcely varies with Re, while the sharp fall for Re > 30, 000 in the ring-segment tube is due
[8] to the thickness of the laminar sublayer becoming less than the height of the roughness Re > 30,000, partic-
ularly as the elements may not be exactly coaxial.

The heat-transfer coefficient when Re_}i is attained is

oy = _T‘_l_— (18)
—+R c, i
lv2
Then :
11 Ryt (19)
Nug, Ny,  d

One éan assume for the most unfavorable heat-transfer conditions (Fig. 3a) that on average R¢ 1jAng /
d = 90, and then (19) gives
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Nug, = —— b0 (20)

1 —}-‘-99 Nu,
N

where 7 d and Nug are defined by (12) and (13).

Then (13) and (20) define the upper and lower bounds to the heat-transfer coefficient for a hquxd-metal
film flowing under gravity on a verticle smooth wall, The results from these equations show that film
contamination can reduce the heat transfer by 30-70% at high Re or by a much more substantial factor at small
Re,

Unfortunately, I am unaware of any measurements on the flow and heat transfer in liquid-metal films
that could be invoked for comparison with these theoretical results.

NOTATION

Nuy, = aVvé/g/n, modified Nusselt number; Nug = od/A, Nusselt number; Re = wd/v = 4T/(w), Reynolds

number; Pe = Re* Pr, Peclet number; Pr = v/«, Prandtl number; Pry = e7/eq, turbulent Prandtl number;
= v*y/v, dimensionless distance from wall; 5, = v¥*6/v, dimensionless thickness of film; 7y, = v¥o,/v,

d1mens1onless thickness of viscous sublayer; 74 = v* d/v, dimensionless equivalent diameter; ¢ = w/v*,
dimensionless velocity; v* = V7, /o dynamic velocity; d = 4F/U, equivalent diameter; ¢, local heat-transfer_
coefficient for pure film; v, kinematic viscosity; A, thermal conductivity; g, acceleration due to gravity; w, w,
local and mean velocities; I, covering density; p, density; «, thermal diffusivity; e, turbulent viscosity;
turbulent thermal diffusivity; y, distance from wall; 6, mean film thickness; 6, viscous sublayer thickness;
6T, thermal boundary-layer thickness;op, hydrodynamic boundary-layer thickness;F, cross-sectional area
of flow; U, wetted perimeter; q, specific heat flux; 7, tangential stress; = 0.4, turbulence constant; subscript w
denotes parameters at wall.
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