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Abstract—A theory is developed for heat transfer to liquid metals when the heat transfer surface is

covered with gas bubbles. The system analysed is that of constant heat flux to slug flow in a circular pipe.

The effective Nusselt number depends upon the thickness of the layer of bubbles and its thermal

conductivity. A method of calculating these quantities for systems where the contact angle is less than

about 60° is described. A number of previously unexplained experimental results can be understood in
terms of this theory.

NOMENCLATURE
radius of the bubble free core of the flow;

a,

b, internal radius of tube;

¢, specific heat of liquid metal;

D, a?+(1—a)b?—a%);

F(8), sin f{cos 6, ~cos b,);

A, heat transfer coefficient;

K, thermal conductivity of liquid metal;

K, effective thermal conductivity of bubble layer;

Nu, Nusselt number in absence of gas bubbles,
h2b/K;

Nuge,  Nusselt number with gas bubbles on surface;

Pe, Peclet number, u2bpc/K;

Q. heat input/unit length;

7, radius;

t thickness of bubble layer;

T, temperature;

T mean temperature of bubble layer flow
{a<r<b)

To, mean temperature of whole flow;

TS, mean temperature of core flow (r < aj;

u, mean flow velocity;

o void fraction in the bubble zone;

84, 8,,8,, equilibrium, advancing and receding contact
angles, 04 = (6,+8,¥2;

0, density;

1, dimensionless bubble layer thickness, t/25.

INTRODUCTION
PooR heat transfer to liquid metals has frequently been
attributed to the presence of entrained gas [1-4].
Whether the gas bubbles are dispersed in the liquid
metal and flow with it, or they adhere to the heat
transfer surface, is not clear. If the gas is in the form
of spherical bubbles dispersed in the flow it can
significantly affect the heat transfer only if the void
fraction is greater than about 1072 There is no

evidence to support the suggestion that the gas can
exist in the form of thin sheets [1], which would of
course have a much greater effect on the thermal con-
ductivity of the mixture. In this paper it is assumed
that the gas bubbles adhere to the surface, and that the
void fraction of the flowing liquid is small. This layer
of bubbles on the surface could arise either from
bubbles in the flow hitting the surface and sticking, or
from dissolved gas coming out of solution.

THEORY

The system analysed is that of constant heat flux to
liguid metal flowing in a circular pipe. A slug flow
model is adopted, i.e. the velocity is the same at alf
points within the pipe and heat transfer is by conduc-
tion. Axial conduction is neglected and constant fluid
properties assumed. A layer of thickness ¢ by the wall
contains the bubbles, as shown in Fig. 1. This layer

F1. 1. The walls of the pipe are assumed covered with a
layer of gas bubbles, thickness ¢
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550
will be of uniform thickness except possibly in hori-
zontal tubes with low flow rates when it may be
distorted by buoyancy forces. The properties of this
layer are determined by the void fraction. x, assumed
constant across the layer, and effective conductivity K;.
it 1s assumed that any bubbles that grow beyond this
layer are swept off into the flow. i.e. 1 is itself a function
of the flow velocity. In the core of the flow (r < a) the
void fraction is effectively zero and the properties are
those of the pure metal.

Once the flow is fully developed thermally the rate of
temperature rise is the same at all radial positions, so
the heat being conducted through a cylindrical surface
radius r must be in proportion to the thermal capacity
of the material within that surface.

(T, — To)D*r at

- = ,._\_’_,A
0 KNu 2K,
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and hence

= Q f 2 ' 2
T, = Tbiénkrlrlr) atlogb/a+ (1 —apb”
The mean value of the temperature of the liquid
between ¢ and b 1s given by integrating {2) between
these limits and is

xa* togh -+ (1 —2)(h* —u*)

27[K1D B

b logh—ulogu

en , AW
b=y’ !
The mean temperature of the whole flow, T, is related
to Ty and T,, by

ToD = Tda* + T(1 - 20(b* - ) {5

eliminating T,, T4 and T,, from (1).(3). (4) and (5) gives.
with some simplification.

d+na’2 —aa?

! 2 2/1.2 202
—txta* loghja+ (1 — a)a*(b? — a®) 2 + (1 —a)* (b2 — a®) /4

hence the effective Nusselt number. i.e. the value that would be measured using the usual definition,

Nuc” =
is given by

/Vlleff = -

0 2b

2rb(T,— To) K

=+ ala/b)y 2 Nu

(a/by* + KNu!o3(a/b)* log bja + (1 — 23 (a/by(1 —(a/h)2)/2 + (1 —o)X(1 —(a/h)?)>/4! 2K,

in terms of the dimensionless bubble layer thickness t == t/2b this becomes

Nuerre {1 —4daz(l—1)}°
Nu — {1=201*

1

“TFKNal2(1 - 0720 — 151 =20 * +

So if the total heat flowing into unit length of the
pipe is Q, the heat flux at r = a is

Q a
2na {a?; (1—0a) (b2 - azﬁi}
and hence
T.— To = Qa*/NuKnD (1)
where Nu is the Nusselt number of the core flow, T,
the mixed mean temperature of the core and

D =a>+(1—a)b*—u?).

Similarly the total heat through a cylindrical surface
radius r{(>a) is

giving

- . Q 2 2 2y
T = Tb'ZtkTIS lxa* log b/r + (1—a)(b* = r%)/2) (2

(1=l — (1 =27) "2 — (a*/2)log(1 - 21)1 /K, )

In a fully consistent slug flow model Nu in the above
expression would be 8. However, if we regard Nu as
the Lyon-Martinelli value [5] in the absence of gas
bubble effects, i.c.

Nu = T+0025 Pet

then we have the obviously correct result Nuere = Nt
when 1 = 0. In practice t only becomes appreciable
for low Peclet numbers, when the Lyon-Martinell
value of the Nusselt number is close to the slug flow
value of 8 anyway. So we will take Nu to be the
Lyon-Martinelli value.

EVALUATION OF Nuy
In order to evaluate (6) we need to know «, t and K;.
Estimates of  and K; are both possible provided the
gas bubbles can be treated as spheres, i.¢. the contact
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angle with the surface is not too large. For example,
if the condition is imposed that the volume of the gas
bubble on the surface must be at least 80 per cent
that of a complete sphere of the same radius the
equilibrium contact angle 6, must be less than 65°. So
one might reasonably expect the approach to be
described in this section to be valid for systems where
the liquid wets the surface (0, < 90°), but not for non-
wetting systems (6o > 90°).

The effective thermal conductivity K; of a medium
of conductivity K containing spheres of zero con-
ductivity is given by the Maxwell equation [6]

K = K(1 —o)/{1 +/2). N

The thickness of the bubble layer t is determined
by the maximum size the bubbles can grow to before
being swept off into the flowing liquid. The critical
size depends on the drag, surface tension and buoyancy
forces acting on the bubble. Methods of calculating
these forces are described in reference [7]. The drag
force is found using expressions for the drag coefficient
determined in experiments on freely rising bubbles, so
again a small contact angle giving essentially a complete
sphere is required. The experimental results show that
this is a good approximation for 6 = 50° [7]. The
surface tension force results from the different contact
angles upstream and downstream of the bubble, and
depends on the parameter.

F(0) = sinfy(cos §,—cos 8,,)

where 6, is the equilibrium contact angle, 8, and 6, the
limiting advancing and receding contact angles up-
stream and downstream of the bubble. If 8, < 65°
then the maximum value of F(6) for the theory to be
valid is around 0-6 (assuming 6, — 8, values of up to 40°).

The remaining quantity is a, the void fraction of the
bubble layer. This could take a large range of values,
but it seems likely that in some circumstances the
process whereby the bubbles appear on the wall could
be so effective that the void fraction would be deter-
mined by how close the bubbles could be packed
together. This provides an upper limit to the reduction
in Nusselt number that could be expected. Hexagonal
close packing of spheres on a surface would give a
void fraction of 0-6, while close packing on a square
lattice would give a value of just over 0-5. It is not
considered that either of these values could be realised
in practice, bubbles in contact would coalesce, become
larger than the critical size and be swept off the
surface. So we will take « = 04 as an upper limit.

As an illustration of the reduction in Nusselt number
that is possible equation (6) is plotted in Fig. 2 as a
function of the dimensionless bubble layer thickness ©
fora = 0-4, Nu = 8-4, and using equation (7). For values
of © greater than about 01 Nu./Nu reaches a value
of about 0-5.

551

Nuge/ Nu

| 1 | I

—1
o5

] O 02 03 o4

Fic. 2. Effective Nusselt number as a function of dimension-
less bubble layer thickness 7. From equation (6) with o = 04.

Using the methods described in [7] values of t for
sodium at 400°C in a 15mm i.d. horizontal pipe were
calculated for various values of the surface tension
parameter F(f), giving the values of Nu. shown in
Fig. 3. For the smaller bubble radii the equations in
[7] could be used directly, for larger bubbles the drag
coefficient changes (above a critical value of the bubble
Reynolds number), and the appropriate expression for
the drag coeflicient from [8] was used. Figure 3 shows
that the reduction in the heat transfer performance
becomes serious at low values of the Peclet number,
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F1G. 3. Calculated values of effective Nusselt number for
sodium in a 15 mmi.d. horizontal pipe, for various values of
the contact angle parameter F(f). « = 0-4.

and below Pe =100 the 50 per cent reduction in
Nusselt number is achieved for a wide range of possible
values of F(6). Use of the theory at much lower values
of Pe is probably not justified since the diameter of
the bubbles is becoming comparable with the radius
of the tube.

COMPARISON WITH EXPERIMENTAL RESULTS
A search of the literature revealed only one experi-
ment where the Nusselt number was measured for
constant heat flux to a wetting liquid metal in a circular
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pipe, and where the authors considered the results
were affected by entrained gas. This was the work of
MacDonald and Quittenton [1,9] who studied heat
transfer to sodium flowing down a 159 mm 1.d. vertical
pipe. The measurements covered the Peclet number
range of 100220, the great majority of the data being
in the range 120-200. The values of the Nusselt
number found ranged from slightly over the Lyon-
Martinelli value to about 50 per cent of it. A glance
at Fig. 3 suggests the present theory could account
for this variation with suitable values of F(0).

Mgy

300
7, °C
Fi6. 4. Experimental results of [9], open circles represont
measurements with increasing temperature, solid circles
those with decreasing temperature. The dashed line is the
prediction of equation (6) for a high estimate of F(()). the
solid line that for a low estimate.

The most striking feature of the experimental results
was the marked improvement in heat transfer with
increasing temperature. The experimental points are
shown in Fig. 4. As in [1] the mean Nusselt number
at each temperature has been calculated, but because
of the marked hysteresis in the data a distinction has
been made between data obtained with increasing
temperature and that with decreasing temperature.
That is, an individual Nusselt number measurement
went into one category if the test section had previously
always been at a lower temperature, and into the other
if the test section had at any time been at a higher
temperature.

A comparison with the theory is difficult because
of the unknown values of F(8). However it is possible
to estimate reasonable limits. The test section was made
of Monel (R), a nickel alloy with 30 per cent copper.
The author is not aware of any contact angle data for
the alloy, nor for copper, beyond the observation [ 10]
that the wetting behaviour of copper is similar to that
of nickel. It is assumed therefore that data for nickel
can be used.

1tis generally agreed that for nickel as for many other
metals there 1s a critical wetting temperature with
sodium of around 200°C [11]. below this temperature
the contact angles are large (>90°) and so the assump-
tion of spherical gas bubbles on the surface is invalid.
Above this temperature the contact angles rapidly
become quite small. Addison and co-workers [12]
found a critical wetting temperature for nickel of
195 C. and at 2007°C the receding contact ungle became
s¢ro after about half an hour. Longson and Thorley
[13] similarly found a receding contact angle of zero
at temperatures above 200°C, but it took much longer
to reach this value, 3 days at 215°C. Th at 270°C. Also
finite contact angles have been reported right up to
500°C [147. Less work appears to have been done on
advancing contact angles but finite values up to 250°C
(the highest temperature investigated) have been ob-
served [10].

So the method of calculation outlined earlier for
bubbles that can be regarded as spherical should be-
come valid at some temperature slightly above 195°C.
195 and 220°C are taken as limits (F(#) = 0-6 here). By
300°C it seems likely that 6, = 0 with say 0, = 20",
However as an upper limit to the surface tension force
), =10 and {,= 40" are also considered. At some
point 4, will itself become zero, perhaps at 400 or
500°C. These limiting values can be considered to give
upper and lower limits to F{() throughout the range.
with linear interpolation between the reference points.

In this way the two theoretical lines on Fig. 4 arc
obtained. [or a mean Peclet number of 160. Since in
this case the test section is vertical the buoyancy force
on the bubbles has also been included in calculating
the bubble radius on departure. Clearly the experi-
mental results are consistent with the theory, and even
better agreement could be obtained for a slightly
different variation of F{{) with temperature. Also the
hysteresis in the results is a natural consequence of the
influence of the surface tension force on the thickness
of the bubble luyer. The good wetting achieved at the
high temperature is retained to some extent as the
temperature is lowered.

The experimental Nusselt number of 25 found at
206"C is below the value predicted by the theory, but
as already explained the theory will break down at some
temperature in this region. It is likely that this Jow
value represents the onset of non-wetting conditions.
Since in the critical region close to the surface the void
fraction is likely to be higher and the effective thermal
conductivity lower for non-wetting conditions (f) > 90}
a lower value of Nu is to be expected.

The theory explains both the magnitude and the
temperature dependence of the effects observed by
MacDonald and Quittenton. It appears therefore that
the walls of their test section must have been covered
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with a dense layer of adhering bubbles. Since the test
section was heated, and the solubility of the argon
cover gas used increases with temperature, this layer
of bubbles cannot have been due to dissolved gas
coming out of solution. Presumably gas bubbles en-
trained in the flow striking the surface stuck to it. The
fact that this does not usually happen in air-water
systems may simply be due to the almost universal
surface contamination in such systems.

The explanation advanced by MacDonald and
Quittenton for the temperature dependence, that the
gas bubbles in the flow dissolve at higher temperature,
is not consistent with the known solubility of argon
in sodium [15], nor with the very short time available
between the expansion tank, where the gas was pre-
sumably entrained, and the test section.

Although the theory strictly applies to constant heat
flux and circular pipes it is interesting to examine the
experimental literature on heat transfer to liquid metals
more generally, including other boundary conditions
and geometries. Three cases were found where the
liquid metal was cooled rather than heated, with the
possibility of dissolved gas coming out of solution on
the heat transfer surface. All three of these showed
reduced Nusselt numbers. In one case [2] the authors
considered that part of the test section might have been
completely covered in gas due to a fall in the level of
the liquid metal, so any effect due to dissolved gas
coming out of solution would have been masked. In
the second experiment [16] sodium—potassium alloy
(NaK) flowing down a circular tube was cooled in a
shell and tube heat exchanger. The Nusselt number
was measured over a wide range of Peclet number,
being in agreement with theory at Pe = 2500, but some
20 per cent lower by Pe = 250. Tidball [17] measured
shell side heat transfer coefficients in two identical
shell and tube heat exchangers, one heated by NaK
and the other cooled by NaK. The heat transfer
coefficient for the cooled flow was 20 per cent less
than that for the heated one.

CONCLUSIONS

The theory developed in this paper predicts reduc-
tions in Nusselt number for liquid metals under wetting
conditions of up to 50 per cent at low Peclet numbers.
This reduction is due to a layer of gas bubbles adhering
to the surface. At high Peclet numbers, i.e. high flow
rates, only very small gas bubbles can withstand the
drag forces, and the effect on heat transfer is negligible.

Experimental results described in the literature
suggest that this effect has already been observed, and
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the layer of gas bubbles can build up either by entrained
gas striking the surface and sticking to it, or by
dissolved gas coming out of solution.

Similar but larger reductions in heat transfer are to
be expected under non-wetting conditions.
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EFFET DES BULLES GAZEUSES SUR LE
TRANSFERT THERMIQUE PAR METAL LIQUIDE

Résumé—On développe une théorie sur le transfert thermique par métal liquide lorsque la surface de

transfert est recouverte de bulles gazeuses. Le systéme analysé est celui d’une densité de flux constante

¢t d’un écoulement en bloc dans un tuyau circulaire. Le nombre de Nusselt effectif dépend de I'épaisseur

de la couche de bulles ¢t de sa conductivité thermique. On décrit une méthode de calcul de ces

quantités pour des systemes ou 'angle de contact est inféricur a 607, Cette théorie permet de
comprendre certains résultats expérimentaux jusquici inexpliquds.

DER EINFLUB VON GASBLASEN AUF DEN WARMEUBERGANG
BEI FLUSSIGEN METALLEN

Zusammenfassung—Es wird eine Theorie entwickelt. fur den Fall daB beim Wirmetbergang an
fliissige Metalle die widrmeabgebende Oberflache mit Gasblasen bedeckt ist. Im untersuchten System.
einem kreisrunden Rohr, herrscht konstante Wirmestromdichte und Propfenstromung. Dic wirkliche
Nusselt-Zahl hiingt ab von der Dicke der Blasenschicht und ihrer Wirmeleitfithigkeit. Fiir Systeme
mit Benctzungswinkel die kleiner als etwa 60 sind wird eine Methode angegeben um beide Gréflen zu
berechnen. Eine groBe Anzahl fritherer ungeklirter Ergebnisse wird mit Hilfe dieser Theorie verstindlich.

BJIMAHHUE MY3biPLKOB I'A3A HA TEIJIOOBMEH XHWMAKHWX METAJUIOB

AnnoTtauus — Paspabortana Tcopus nepeHOca Temila K OKMAKHM METa/llaM OT TPEHoLieH 1osepx-
HOCTH, TIOKPBITOH My3bIpbKamM raza. B ocHOBY pacuéTa mojlokeHa CXema M[OJI3YLIEro TeYEHHs B
KPYrnoi Tpy6e npu TIOCTOSHHOM TEIJIOBOM [10TOKe Ha cTeHke. DddexTusroe uncno Hyccensra
3aBMCHT OT TOJILUIKMHBLI ¥ TEMONPOBOAHOCTH CJiof My3bIpbkOB. [lpennaraerca meToa pacyéra yka-
JAHHBIX BEJMYHH B Cllydae, KOTa yroyl KOHTakTa MeHbiue ~ 60", Ha 3Tol ocHOBE MOXHO 0OBACHNTH
HEKOTOPbIC IKCHIEPUMEHTANBHLIE PE3YIbTAThI, PAHEE HE MONNABABUIMECH OOBACHEHHIO.



