EFFECT OF COUNTERFLOW MIXED CONVECTION ON
THE HEAT TRANSFYER IN VERTICAL LIQUID-METAL
HEAT EXCHANGERS

L. G. Volchkov, M. K., Gorchakov, UDC 536.27:536:25:621,039.534.,6
and F. A, Kozlov

The results are shown here of an experimental and analytical study concerning the heattransfer
between sodium and sodium —potassium alloy in counterflow heat exchangers with counterflow
mixed convection in one of the ducts, It is shown that, at low Pe numbers, the heat transfer
is determined by the effect of longitudinal heat overruns in the liquid.

Counterflow mixed convection of heat is observed in a liquid heated while moving downward or cooled
while moving upward through ducts of large cross sections. This mode of heat transfer is characterized by
the presence of a large turbulence component Ay in the longitudinal thermal conductivity of the liquid — a
result of the positive vertical gradient of liquid density and, as a consequence, of large heat overruns along
the height (according to indirect estimates based on the data in [2], A = Ax/A may be equal to 10 or more).
This makes the true "liquid-to-liquid" temperature drop At in the heat exchanger much smaller than Aty
calculated outside the heat transfer zone, The effect of longitudinal heat overruns in a heat exchanger has
been studied in [1, 2] for the case Ay, =0. The equations describing the change in the mean temperature
of the liquid in the ducts at W; = W, are then:

g Pe i ANw gy, (1)
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The boundary conditions are

X=0 a)t,=—1, bbh=0
be (3)
X=L ot=0 @g:g—li
: Pe
Equations (1) and (2) apply where the wall across which heat transfer occurs has a negligibly small
longitudinal component of thermal conductivity and the geometrical dimensions of the ducts are constant
over their active lengths,

When A = const # 0 in one of the heat exchanger ducts (e,g., in the one denoted by subscript 2), then
the respective equations become

L SRS (4)
A b1
" Pe , 4Nu
{. fo — k f.—t)=0. 5
o R =) (5)

Obviously, these equations will be identical to Eqs. (1), (2) if in the latter ones Pe, Nuy, and » are re-
placed by Pe/(1 + A), Nu /(1 + A), and »/(1 + A) respectively.

Institute of Physics and Energy, Obninsk. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol, 20,
No, 6, pp. 995-1002, June,1971. Original article submitted September 16, 1970,

© 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

709



. W
| |_’
2 T
:;J{ ) L
f o | ho-xd
3\
- fé _ ;
\z;_‘ . 1 — 3
—r 3
:q__e ? a
£ ; .
o & 98 pape—
AR L . '
o— 3 AN ¢ — 3
_ J A e b e
0 g2 04 96 g8 1
Fig. 1 Fig. 2

Fig. 1. Annular test duct with a coil of tubing: 1) main outlet for
sodium, 2) bypass outlet for sodium, 3) dropping tube with air for
insulation, 4) coiled tubing, 5) housing,

Fig, 2. Operating effectiveness of coil turns: a) as a function of
length, at Pe = 4.5 (1) full coil, 2) upper part, 3) lower part); b) as
a function of Pe, at full length (1) Pe =4,5, 2) Pe =12.5, 3) Pe =
16.5). Lengthl,) (m).

We will consider the case where »/(1 + A) = 0 and Eq. (4) is

fi— 2 g, p)=0, (6)
Pe
while boundary condition (3¢) becomes meaningless, Solving (5) and (6) simultaneously, we obtain
ot . Pe
f= b0 |1 —expBX (1 )
1 HO‘[ L I ) px]. | (n
t, | Pe Pe Pe
fo=—2 11— {14 X | X ,
: H, L ( T 4Ny, ﬂ) exp P +( + 4Nu, ﬁ)(ﬁrNuh + )ﬁ] ®
Pe Pe 1+A 1 1+ A
Hy=8 (1 L—|— ' (9)
o (3( +ﬁ4Nuk)[4Nuh+ 2+ (s +2 )expﬁL],
[ __Pe | 4Ny,
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Let 7 = 4N/Pe? (1 + A). Then
At—:—tL(l—i- —1—)<~!—+expﬁX), (10)
H, n/\n
¢ I4+m \2 '
Aty =ty o= H_OO( = ) : (11)

There are two ways of calculating the quantity of heat Q transferred in the heat exchanger: Q = KAt
and Q = KpAtp. In the second case one tentatively includes the effect of longitudinal heat overruns in the
heat transfer coefficient while the temperature drop is assumed to remain without change., Then

Kydy At Ny, n? (1 —exppL)
N Tra Yo AL pe. a2
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It is evident that the first term in (12) becomes equal to Nu,, at L =, At low Pe numbers and large
values of A, = > 1 and

. bpe? (1—expPl) P 13
Mo =Faem T aL © 4

On the basis of relations {7)-(13) one can draw certain conclusions about the heat transfer at large
values of A, First of all, the true temperature drop (10) is very small in that part of the heat exchanger
where fX — 0, i.e., where the heat transfer occurs essentially at the end section (of the duct with A > 0)
and the length of active end section decreases as the Pe number decreases. Secondly, the value of Nucy
and thus the actual quantity of heat transferred depend very little on the true value of the heat transfer coef-
ficient K. This means that the form of the equation for Nu,, will, at low Pe numbers, be common for a
large class of heat exchangers with ducts of various shapes, To this class will also belong heat exchangers
whose geometrical parameters are either constant or periodically variable in lengthwise direction,

Let us analyze the individual quantities which enter into Eq. (13) for the general case. For this, we
write the system of heat balance equations for a heat exchanger whose heat transferring surface and whose
duct cross sections have arbitrary shapes, considering also that FyAy < Fy(dy + Apy),

. Wd, . KS d% .
O (o Rl iy Ry ov e ey L Rl
. KS d
t— - —V(;r t—1t) = 0.

This system transforms into system (5), (6) if we substitute

Wdr KS di 14
FE}\,‘; == Pe, —[—‘ . ——4—[‘,%* - NUR. ( )
According to (13),
K,S dp
Nug, = I TEEL (14a)

Thus, when 7 > 1, in the general case the quantity Nuey (14a) can be expressed in terms of Pe (14)
and L coordinates,

This analysis leads to still another conclusion. If Eq., (13) is made explicit with the aid of (14) and
(14a), we will obtain when expSL =~ 0:

we

KS=~——————" W
N ENTEY T

(15)

The quantity of heat transferred in the heat exchanger is
Q = K ps Atp

It is then evident from (15) that the quantity of transferred heat will increase as a layer of impurities pre-
cipitates on the heat exchanger surfaces, since the role of a sediment when = > 1 is solely to reduce F, and
to the same extent A. Inasmuch as the quantities Q and K in the experiments are determined from the
equalities

we

Q=W K= A
0="p

(S, is the original surface area), so Kp will obviously increase,

As Pe increases while Nuk and A decrease, 7 decreases and the condition = > 1, for which the forego-
ing conclusions were made, becomes less valid.

The very quantities which determine 7 depend on many factors. Thus, A depends on Pe, I, d, 6,
and on the design of the heat transfer zone (coil, fins, etc.), while Nuy depends on the thermal resistance
of the walls and the oxide scale as well as on the heat transfer in both ducts. Therefore, apparently, the
effects of the various parameters on the heat transfer is generally very complex. Qualitatively, however,
they are quite accurately assessed on the basis of the foregoing analysis.
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Fig. 3. Heat transfer with sodium during counterflow
mixed convection: 1-3 annular duct with a coil (L. =4.74
(1), 2.21 (2), and 2.53 (3)), 4, 5 tubing (d, = 135 mm (4)
and 68 mm (5)). Solid curve represents equation Nu =

5 +0.025Pe?-% dashed curve represents equation Nup =
0.27Pel-V/L,

Experiments were performed with a "sodium/Na —K" heat exchanger shown in Fig. 1. Its main fea-
ture was the provision for measuring the temperature rise of the sodium —potassiumalloyin each turn of
the coil and, therefore, the distribution of heat transfer intensities as well as the mean temperatures of
the alloy along the duct.

The Na—-K ducts were arranged so that the sodium could be cooled by the entire coil (15 turns) as
well as by its upper part (7 turns) or lower part (8 turns) only. This made it possible to find out how the .
heat transfer process is affected by the active length of the exchanger and by its inlet conditions.

In these experiments we measured the sodium temperatures at the inlet and at the outlet of the an-
nular duct, and Na-K temperatures at the inlet to and at each turn of the coil, the flow rates of sodium and
Na—~K, and the uncompensated heat losses through the outer surfaces covered with calorimeters and com-

pensating heaters.

The groups of tests were performed: the first one to determine the effect of Pe, L, and At,, on the
heat transfer with pure sodium (oxygen content not exceeding 5-10~% by weight) at W, =W,, the second one
to study the variation of Kp during precipitation of sodium oxide in the test model at a constant flow rate of

the heat carrier.

The values obtained for Kp under pure conditions have shown — as have those obtained in experiments
with concentric heat exchangers [2] — a tendency to follow the relation Kj ~ W, but they also show a diver-
gent pattern with respect to L. The larger the number of active turns (larger L) is, the lower is the value
of K

p.

Furthermore, from the temperature distributions in the Na —K alloy along the coil turns one can see
that most of the heat transfer occurs through the turns near the end of the sodium duct. The curves in Fig.
2a represent the ratio of temperature rise per turn to temperature rise in the alloy over the entire coil
length, It is evident here that, with the same Pe number, the end portion (with reference to the sodium)
of the coil operates at the same intensity regardiess of the active number of turns (length of coil), When
the Pe number becomes higher, as can be seen in Fig. 2b, the "active" turns region widens and the ther-
mal flux tends toward equilibrium over the entire length,
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Qualitatively, these facts agree with the results of analysis.

24 h)

The presence of a coil makes the quantities F, and dmp vary per-

w0 0 Therefore, the data on heat transfer should also be generalized
) qualitatively on the basis of that analysis, i.e., by taking into ac-
300 E.'; count relations (14) and (14a),
200 S el E In order to compute Nupy, Pe, and L, one must know 8, Fo,
L8 and dT. S denotes the area of the entire coil surface: S =udy-rdpn.
190 Z

6.5.4,557.7.526444 Lslesr.z iodically. It appears that the method of calculating ¥, and dt is of
g 5 0 ” v little importance in the processing of experimental data. Indeed,
Fig. 4. Change in the calculated according to (15), the value of Ky does not depend on d and very
value of the heat transfer coeffi- little on the total longitudinal thermal conductivity of the duct
cient plotted against time during Foro(l + A). Since the value of A is indeterminate, it is entirely
the precipitation of oxide (the num- permissible to disregard the coil in calculating F, and drp:

bers under the curve indicate the
numbers of readings taken during
2 24 h period). Kp(W/m2 20y, T

F, — fi— (D} —d), dr=D,—d,.

{days). Bearing this in mind and according fo (14a), we have
Kpd’I' " adgn d,
Nue ==~ =7 "D +d-

Here d, is the coil diameter, dn. is the tube diameter, n is the number of turns, D, is the outside diameter
of the annular duct, and d, is the inside diameter of the annular duct.

Al] data, including those in [2], have been processed in Nup(Pe) coordinates, as shown in Fig. 3,
where

Ay o, AL,
Nu, = Nu__ —-F_ . — e
P o KP ’ w At2p

This method of data processing has been necessary for the purpose of generalizing data which repre-
sent the heat transfer in the particular duct studied in our experiment. This can be done when in the rela-
tion

1 I

K, oy

+ Pwp T Pips

1/a 2p i8 much greater than Pwp and pip- Here Pip = pi(Atip/S_ti) =pg(1 + Gti/Aﬁ) =pi + 51:1/6 are the calcu-
lated (apparent) thermal resistances of the wall and of the annular clearance (the coil), 6t; is the fraction
by which the total temperature drop across the heat exchanger is reduced as a result of longitudinal heat

overruns at the respective element, Thus, for the heat transferring surface of the "tube in a tube" heat
exchanger we have ’

- Fh,0t,/0x o  4d

Pas = 6 . Wt jox 717— Mo e 1,
By analogy, for the annular clearance:
P =1+ 5 - d;v—d
2

As was to be expected, the test points for Nuy, at low Pe numbers follow the qualitative predictions
based on the analysis. Within the ranges 3 < Pe < 30 and 2 < L < 5 the data for all known heat exchangers
fit sufficiently well into the formula:

1.1
Nu, = 0.27 22 (16)
L

For simplicily, the term corresponding to Nuy/L — = [see (12)] is not included here. The contribution of
this term is, however, reflected in the coefficient and the exponent of Pe, which are here 0.27 and 1.1 res-
pectively instead of 0.25 and 1.0 as in (12). The condition 7 > 1 ig not maintained when Pe > 30, which
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TABLE 1 makes a description of the heat transfer process

Part . l I much more complicated. At the peak values of Pe
the heat transfer process cannot become stable while
the transverse turbulent heat transfer intensifies as

antity of oxide, 2360 | 2670 | 962 | 266 | 726 re an .
%“qu;myny found & 33.8 ‘ 38.2 | 13.81 3.8 | 10.4 a result of the longitudinal heat transfer, and this

causes the Nu numbers to be high.

In order to determine the effect which the pre-

cipitation of oxides in the test part has on the heat
transfer, we studied the operation at Pe =7 and Atp =40°C, Oxygen was injected into the system in the
form of sodium peroxide in 70 g doses through a valve in the pump tank. Initially the sodium peroxide
powder produced a brief fluctuation in the sodium flow rate, which then quickly stabilized. After 3 kg of
sodium peroxide had been poured in, the hydraulic resistance of the tested heat exchanger section increased
so much that the sodium temperature at the outlet had to be increased in order to bring the flow rate of
sodium to its prescribed level (the flow rate of Na—K in the coil was reduced).

The sequence of adding sodium peroxide and the resulting change in the calculated heat transfer coef-
ficient is shown plotted against time in Fig, 4. Only 5.3 kg sodium peroxide was added, which is equiva~
lent to 8.5 kg or approximately 9 dm® sodium oxide (the acceptable volume concentration of oxide is approxi-
mately 40%). It is evident that, as oxide precipitated in the test section of the heat exchanger, the calcu-
lated value of the heat transfer coefficient increased. The stepwise increase of Kp after shutdown had,
apparently, to do with the drift of oxide from the outlet section of the apparatus into the heat transfer zone.
Such a drift could occur, because after the shutdown it was not possible to establish the specific operating’
conditions and because for 72 h there was no Na—K alloy admitted, or it was let into a lower coil section
only and at a low flow rate. The sodium temperature at the outlet from the annular duct fluctuated between
130 and 300°C. The values of Kp were not determined at that time. The tendency for K, to increase as the
oxide layer on the heat exchanger built up can be explained qualitatively on the strength of the earlier analy-
sis (see Eq. (15)).

After completion of the experiment, the entire structure was cut into five parts for an oxygen content;
analysis. The parts were arranged as follows: the entire top down to the first coil turn (part I), turns
1-2-3 (part IT), turns 4-5-6-7 (part I}, turns 8-9-10-11 (part IV), and turns 12-13-14-15 with the bottom
(part V). A chemical analysis yielded 6984 g of oxide, i.e., 82.2% of the amount introduced.

The distribution of oxide content among the various parts was as shown in Table 1,

1t is evident from the results of the chemical analysis that a large portion of the oxide precipitated in
the zone of most intensive heat transfer. A quite considerable portion of the oxide precipitated above, in
the isothermal zone. The high oxide content in this region explains why the duct became clogged up already
during the first half of the period of feeding in the sodium peroxide.

NOTATION
t is the mean-calorimetric temperature of the liquid, °C;
ty is the temperature at the main heat exchanger inlet, °C;

t§j) =0ty /ox0), °cy

2 € UHe X g KK

is the temperature rise of the liquid in the heat exchanger duct, °C;
is the longitudinal coordinate, m;
is the length of heat exchanger section, m;
is the duct diameter, m;
=x/d;
=1/d;
is the circumference of heat exchanger, m;
=F A/ Fohy
= FyAw/ Fohy
is the cross section area, m%
is the surface area of heat exchanger, m%
is the velocity, m/sec;
= chp’y;
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Cp is the specific heat, J/kg . °C;

Y is the density, kg/m?;

A is the thermal conductivity, W/m . °C;

a is the thermal diffusivity, m?%/sec;

o is the heat transfer;

k is the heat exchange coefficient, W/m?.°C;
Pe =wdr/a;

Nuk = Kdz/}\z.

Subscripts

1 is the auxiliary heat exchanger duct;

2  is the main duct;

w is the heat transferring wall;

p  is the predicted value (calculated from the temperature drop at some distance from the heat exchanger).
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