HEAT EXCHANGE DURING THE MOVEMENT OF A VAPOR-LIQUID STREAM
OF DISSOCIATING NITROGEN TETROXIDE
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The results of studies of heat exchange during the flow of a vapor—liquid stream
of a dissociating N,0, system in vertical pipes are analyzed and functions are
given for calculating the heat-exchange intensity under different flow conditions.

Of the large class of dissociating substances with reversible reactions one of the
greatest practical interest is nitrogen tetroxide, in which two reaction stages of the form

s NyO=2NO, + @y == 2NO-+0,+Qyy, (L
I stage II stage

proceed in the temperature range of 300-1000°K during heating and cooling, where Qr and Q1
are the calorific effects of the reactioms, equal to 54.6 and 113 kJ/mole, respectively.

The physical properties of the N0, system permit the use of nitrogen tetroxide as the
coolant and working substance of an atomic power plant with a gas-cooled reactor and the ob-
taining of efficient condensation cycles [1].

‘The results of studies of heat exchange during the rising movement of a vapor—liquid
stream of N,O0, in heated vertical pipes under the conditions of natural and forced circula-
tion are reported in the present article. The tests were performed in the pressure range of
0.01-0.8 of p., (1-80 bars), at heat flux densities of up to 230 kW/m?, at mass velocities
of up to 3.3:10° kg/m®+sec, and with variation in the heat content of the stream from un-
‘heated liquid to slightly superheated vapor. The content of process admixtures in the test
coolant was 0.4% in conversion to nitric acid. On the basis of the results of the studies
the heat-exchange properties of the given coolant are determined from the controlling param-

eters p, q, w, and x. The experimental conditions and the principal results are presented
in [2-4].

In tests with natural circulation at stream velocities of pw < 600 kg/m?-sec and a
vapor content of 0.01 < x < 0.08 (the mode of bubble boiling) the pressure has a complicated
effect on the heat exchange — the heat—exchange coefficients have intermediate extrema (p =
var, q = const). A heat-exchange maximum is observed in the region of p = 12-18 bars and
a minimum in the region of p = 35-50 bars (Fig. la), with an analysis of the experimental
data on o = f(T,,) showing that the extremal values correspond to roughly the same wall
temperature regardless of the heat flux density. The effect of the heat flux on the heat
exchange also varies depending on the pressure (Fig. 1b).

Experiments with the forced movement of the vapor—liquid stream brought out the presence
of a large region of vapor contents in which a considerable increase (by two to three times)
in the heat-exchange intensity is observed in comparison with the heat exchange during bubble
boiling (Fig. 2). With an increase in the pressure and mass velocity and z decrease in the
heat flux density this region of vapor contents narrows. Modes of decline in the heat—ex-
change intensity to values of o = (8-10) kW/m®.deg, called modes with deteriorated heat ex-
change, are noted with an increase in the vapor content and with a heat flux density q = 100
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Fig. 1.  Effect of pressure on heat exchange during N;0, boiling [a:
dependence ag ~ p, where q = 0.58.10° (1), 1.16-10° (2), and 2,30-10°
W/?z_(B); b: dependence n ~ p in analysis.of experimental data ap ~
™ P)1; w1072, W/m®-deg; p, bars.

Fig. 2. Dependence of heat-exchange coefficient on vapor content. by
weight: p = 14.7 bars; pw = 750 kg/m*+sec; 1, 2, 3) q = 0.58+10%,
1.16+10°, and 2.3+10° W/m®, respectively; I, II, III) calculation
from (11), (12), and (13), respectively.

kW/m®* at a mass velocity of 750 kg/m®.sec and a pressure p > 50 bars. The latter are dis-
tinguished from crises of the second kind in traditional coolants by more intense heat ex-
change and relatively lower superheating of the wall (AT = 30-50°K).

I. Only stage I of the reaction (1), which is characterized by a high rate of estab-
lishment of chemical equilibrium in the system upon an external disturbance [5], occurs in
the phases during bubble boiling. According to the Gibbs phase rule the presence of a reac-
tion between the components decreases the degree of variation of the N0, system in phase
equilibrium; it becomes monovariant, i.e., has all the features of a simple (individual)
substance. The conditions of phase and chemical equilibrium determine the phase composition
(or the degree of dissociation of the N20, molecules), which is different for the vapor and
the liquid, which to outward appearances brings the N.0, system closer to binary mixtures.

An analysis of the data obtained in models of N;0, as a simple substance and as a
binary mixture of the components N0, and NO, showed that the existing functions unsatis-
factorily describe the experimentally observed effect of the pressure and heat flux density
on the heat exchange [2, 3], and therefore the usual calculating functions muct be supple-
mented with a parameter which takes into account the specifics of the boiling of dissociat-
ing N20, liquid. However, from the results of a cinematographic study of the heat—exchange
mechanism during the boiling of N0, in- the region of p < 20 bars [6] one can conclude that
such characteristics as the separation diameter ds of a bubble and the rate of bubble growth
dR/dt are close to the calculated values when N.0, is approached as a simple substance. A
considerable difference in the bubble separation frequency f from the calculated values is
noted (a maximum is observed in the region of p = 5 bars). When p < 10 bars the holding time
is almost absent, the holding time increases with a further increase in pressure, and the
vapor-generating centers begin to work less regularly. To a certain extent this confirms
the hypothesis of a connection between the heat-—exchange properties during the boiling of
N20, and the characteristics of nucleation in a dissociating liquid [7].

The authors of [7] analyzed the stability of the superheated liquid phase of N,0, in
the form of the characteristics roy = £(p, AT) on the basis of the variation in the ratio
between the conservative force — the surface tension — and the driving force — the differ-
ence in the thermodynamic Gibbs potentials of the liquid and vapor phases — with the param-
eters of the superheated liquid and the conditions of the equilibrium (instantaneous)
occurrence of the reaction (1):

rCI= '20.” ‘rr e (2)
g, T)—g"(p, T)ip
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Fig. 3. Effect of the dissociation reaction on the heat
exchange during N,0, boiling [1) p = 1 bar; 2) 5; 3) 10;

4) 15; 5) 20; 6) 30; 7) 50; 8) 65; 9) 80 bars]: a) depen-
dence of InK,; ~ (Aa/aoy) *with p < 10 bars [I: In K, = 1ln

0.74 + 2.5 (haacy)?]; Ky = Nu,, /[0.125 ReQ+®® Pr*/® exp
(a"/oer)®] [II) InK,=1n0.235+ (Aa/acy)®]; D) dependence of
1n K, ~ (Aa/agp)? with p < 10 bars; K, = Nug,/[0.625 Rej-®
Pri/3 exp (Aa/ucr)z]; c) dependence of In Ks; ™ (a'/acy)™;
Ks = Nu,,/[Nu,, exp B (Aa/acr)z]L (IIT) 1n K3 = 1n 0.235 +
1.05 (a'/acy)2].

where T = Tg(p) + AT. The difference Ag = g' — g" in the specific thermodynamic Gibbs
potentials of the liquid and vapor can be represented in the form Ag = 8g+AT, where dg is
the difference in specific Gibbs potentials which pertains to superheating of the liquid
by 1°K. The two-parameter function Sg(p, T) can be replaced by the one-parameter function
Sg(T) if one takes AT = const for the entire range of parameters and allows for the depen-
derce p = f(Tg). The assumptions which allow one to express the value Sg through only the
entropy AH/Tg of the phase transition are completely valid for simple substances. For the
N204, system the value 8g differs somewhat from the entropy of the phase transition, which
is seen from an examination of the results c¢f a Taylor series expansion of the function
8g (when AT << T),
1 e ~—-c;)
6gﬁ:T [AHﬁ-——Tﬁ———

$

AT ) (90T —dc,joT)  AT* ]

AT(I” 3T CTRr .

(3)

In the N20. system the latent heat of vaporization AH increases smoothly with an increase
in pressure and reaches a maximum at p = 7 bars, and the differences (a" — a') and (ch ~—
cp) have similar characteristics [5]. In the region of low pressures the specific heat
capacity of the vapor exceeds the specific heat capacity of the liquid by several times,
and while the degree of dissociation in the liquid phase is insignificant (o' = 0), in the
vapor phase a" # 0.15-0.25. The dissociation reactions during the phase transition and in
the homogeneous phases affect the properties of the system. If one neglects a certain
difference in the calorific effects"of stage I of the reaction (1) in the liquid and the
gas and assumes the equality Qp * Qp = Q1, then the variation in the thermodynamic proper-
ties of the N0, system caused by the development of the chemical reaction is conveniently
analyzed as a function of the phase composition.

The deviation of the value 8g for real N.0, from the §g*(T) for N0, considered as a
simple substance (without a chemical reaction) can be represented in the form of the rela-
tion

6g (T) N(Aoc‘ o >’

5¢* (7) ®

®er Cer
where Aa = o' — a' and o' were determined at the temperature T = Ts(p) + AT from the data
of [5], and the degree of dissociation of N,0, at the critical point a., = 0.32 was taken as
the scale of variation of the degree of dissociation.

The high wettability of Kh18N1OT steel and other structural materials by liquid N,0,
(the wetting angle is close to zero) [8] hinders the conditions of nucleation at the solid
surface of the heater, making them close to the conditions of boiling up in the superheated
homogeneous phase. The reversible operation of nucleation in the form of the equation [9]
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Fig. 4. Analysis of experimental data on
N20, boiling: a) in the coordinates of Eq.
(6); results of studies: 1) based on [12];
2) [131; 3) [2]; 4) [31, Ser. A; 5) [3],
Ser. B; 6) [14]; b) in the coordinates of
Eq. (7); I) dependence af/a¥ = F(m)/F(m,)
based on data of [11]; II) Eq. (8); T, =
0.01.

J ~ exp [—-—%gg—],vﬁmuaAﬂ)~v§;

serves as the determining factor in the variation of the rate of nucleation during homo-
geneous boiling up. A calculation of r,. by Eq. (2) gives the value ror = 10~°-10~° m,
which is considerably less than the average size of the thermal boundary layer of the
liquid, in which the drop in the thermal head AT = Ty, — Tg(p) mainly occurs. This allows
one to take the temperature of the liquid layer where the boiling up occurs as equal to

the temperature of the heating surface (T = Tyy). This assumption is the more valid, since
under the actual conditions the boiling up occurs in recesses of the heating surface in
which the temperature of the liquid is practically equal to Ty,.

The effect of the influence of the nucleation rate on the heat exchange can be repre-
sented in a first approximation by the dependence a ~ JC(P). The deviation of the experi-
mental data on heat exchange Nux, from the calculated values Nux., which were determined
from the critical equation of [10}, in the phase composition coordinates

2 !t \2
ln[Nu*xlN“*2]~( :a ) s ( i ) ’

cr %er

where

" Nu,

Il

3 (rcr_p,' ¢, AT )
» \2 P Am |-

is shown in Fig. 3.

According to [10] there are two regions of Re, with different effects of the heat flux
density on the heat exchange. The possibility of analyzing the two regions in the presence
of boiling with different effects of the heat flux density has been mentioned in the litera-
ture. This assumption has not been justified with respect to ordinary liquids [11]. For
dissociating systems, however, in connection with the peculiarities of vapor formation this
assumption has a definite advantage in comparison with the interpretation according to which
the exponent in the heat flux density is taken as constant. For the N,0, system the boundary
between the indicated regions lies at p = 10 bars. On the basis of an analysis of experi-
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Fig. 5. Heat exchange during the forced movement of a vapor-—
liquid stream: 1, 2, 3, 4, 5) p = 14.7, 29.4, 49, 63.7, and
78.5 bars, respectively; di = 4.13 mm; 6, 7) p = 14.7 and 49
bars, respectively, di = 3.6 mm.

mental data on the heat exchange and boiling of N,0, under conditions of natural circula-
tion in a pipe [3] an expression for the determination of the adjusting parameter K, is ob~-
tained in the following form:

0 2 N2
Ka, = 0,74 exp {2.50 ( Ao ) +1.05< * ) 1,
er ag /| (5)
9 ‘
Ka, = 0.235 exp {6.15 ( Ac. ) +1.05< o )2}
%er @ er

Accordingly, the adjusting parameter K,(Tyy) also takes into account the properties of the
heat exchange during N,0, boiling which are connected with the condition of nucleation
through the mechanism of the effect of the phase composition on the equilibrium properties
of the dissociating system. The criterial equation of [10] for the N,0, system is trans-
formed through the introduction of the parameter K,:

Nu, = A-Re}Pr'°K,,

where

A=0.125, n=0.65, K,=K, when 5 >Re, » 107%

6)
A=00625, n=05, K, =Ky when 102> Re,>105. (

The analysis of the results of a study of heat exchange during the boiling of N,0,
under the conditions of natural circulation [2, 3] and of free convection [12-14] in the
coordinates of Eq. (6) is shown in Fig. 4a; the experimental data are generalized by Eq.
(6) with a deviation of *25% at a confidence of 0.95.

The law of corresponding states allows one to obtain similarity not only of the physi-
cal properties of the substances in reduced coordinates, but also similarity of the thermo-
hydraulic characteristics of such a complicated process as boiling in the same coordinates
because of the similarity of the physical properties. Therefore, the use of the method of
thermodynamic similarity for the calculation of the heat exchange during the boiling of many
substances, especially little-studied substances, has given positive results., 1In this light
it seems interesting to analyze the data on heat exchange during N,0, boiling in a coordinate
system of thermodynamic similarity with allowance for the effect of the phase composition on
the heat exchange:

@ :Aan(R)Ka (Tw'a)9 (7)

where A = 6.4 and n = 0.65 when 0.0l < 7 < 0.1; Ky = Ky; when 300 < T, < 360°K; A = 40 and
n = 0.5 when 0.1 £ 7 £ 0.8; Ky = Kyz when 360 < Ty, < 425°K;

F (s1) = qi0-18 (1 + 0.87 + 2.0n® - 3.0x%). (8

With a fixed heat flux the heat-exchange coefficient is found by the iteration method,
since Ky is a function of Ty,. Equation (8) is similar to the dependence of [11] which
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describes the effect of the pressure on the heat exchange during the boiling of thermodynam-
ically similar substances (water, alcohols, etc.) in reduced coordinates, and it differs
from the latter by ~207%. The results of the generalization of the experimental data in -ac-
cordance with the dependence (7) are presented in Fig. 4b.

The structure of Eq. (7) allows one to explain the peculiarities of the heat-~exchange
characteristics observed in the experiments as the effect of the interaction of the heat
flux, the physical properties at the line of saturation {[the parameter F(w1)], and the prop-
erties of nucleation in a dissociating liquid (the parameter K,).

IT. The results of the study of heat exchange during the forced movement of nitrogen
tetroxide were analyzed with allowance for the modes of flow of a vapor—liquid stream.

The experimental data obtained with surface boiling of the liquid which is underheated
with respect to the saturation temperature are described satisfactorily by Bogdanov's equa-
tion [15], which can be recommended in the range of —0.3 <x < 0,05 and 0.15 < 7 £ 0.5:

/ 0.12 /. 12/3 . .\ 0.16 7—2.
a=C, k P ) T, ) P71 4% ( Ymix 8’» (9)
P Ter — T, Wy o

where Co = 0.55 for N204 and w, is the stream velocity at which the transition from a laminar
to a turbulent mode occurs.

The bubbling mode of flow during the forced movement of a two—phase stream is preserved
~ in the region of vapor contents of x < 0.1. The heat-exchange coefficients obtained differ
slightly from ¢ for boiling under the conditions of natural circulation and free convection,
although a better generalization of the experimental data (with a deviation of *25%) for
high velocities and x * 0.05 is achieved by the empirical dependence

o = (3806 —2,9217%) 057 when ' < 0.15 < 7 < 0.49, 10

oy p= (90.7 —28.6n7%) ¢*5 when 1 0,49 < n <0.78.

The heat exchange in a disperse-annular mode of flow is usually calculated from empiri-
cal functions, since a strict analytical solution of this problem does not exist owing to
its extreme complexity and the absence of sufficient factual material on the detailed char-
acteristics of the process. A most simple means of allowing for the mutual effect of the
boiling process and the directed movement of the stream, which in one form or another has
found wide application in the description of heat exchange in two-phase streams in the pres-
ence of heating, has been proposed by Kutateladze [16] and by Borishanskii et al. {17].
Taking this method as the basis and allowing for the peculiarities of the effect of the
pressure on the heat exchange during N,0, boiling by a special multiplier, an empirical
function was obtained which satisfactorily (with a 40% deviation at a confidence of 0.95)
generalizes the test results in the region of the disperse-annular mode of flow (Fig. 5):

[ X w ‘pIAH 3/2
=1/ 14nos-m.107 (_—-—m“‘»— ) . (11)
%4p l/ T P |

As indicated above, in a vapor-generating channel of considerable length one observes
an anomalous increase in the heat exchange to a two-phase stream, which can be explained as
follows. In the presence of a certain combination of the velocity of the vapor—liquid stream
and the rate of vapor formation the intensive removal of liquid from the boundary layer sets
in and the thickness of the liquid film decreases considerably. A calculation of the tra-
jectories of movement of drops in the channel showed that inténsive sprinkling of the chan-
nel wall occurs in this region and evidently a certain balance of the mass fluxes sets in:
of evaporating and removed liquid and of precipitating drops. Bubble boiling is also pos-
sible with small vapor contents in the liquid film, and, in additionm, the precipitating
drops of liquid turbulize the film: these factors decrease the thermal resistance of the
liquid boundary layer. The intensive mass exchange between the core of the stream and the
wall, the high intensity of convective heat exchange of the vapor phase of N;0,, and the
small thermal resistance of the film lead to the observed effect. This phenomenon in such
a clearly expressed form is evidently peculiar to the N0, system and as far as we know it
has not been studied experimentally and theoretically before.

As the vapor content increases, the core—wall mass exchange deteriorates, the boiling in
* the film is suppressed, and the heat exchange gradually deteriorates down to the region of
purely convective heat exchange of the gas phase. ’
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A possibility of a transition to a mode with improved heat exchange is found from the
condition (q/AHp"wpiy)/m < 3.45-10™%, The velocity of the mixture at which the transition
to a mode with improved heat exchange occurs is well determined by the following semiempiri-
cal dependence:

- A A I S I , 10 s 1 ‘
Wor mi= 140 107¢ ILT (_p”—) {1 -+ 1078 (wp' ) (1 4+ 10~3g/AH)—15 [—(1—_—_—752-— —-S.n] . (12)

The experimental data in the zone of improved heat exchange were generalized with the
help of the dependence of I. I. Paleev and F. A, Agafonova, obtained for a disperse vapor—
liquid stream and transformed in application to N;04:

o Coir .
Nu:55[ 10° + ¢/AH ( l—x )]O'SRev-sprvz% _Peifmix (13)

wp x mix mix Cpfmix
where
’ ” A ”
Repiee (w 4 @ d, ) . b Pr'Pr;
O\ X" ¢ pr’ 4+ (1 — x) Pry
. ad AA
Nu = —— y ;\.f = “—T“‘—f—” )
Mmix X oo - (1—x0)M
Coetf . = B Defs S e % i
Pe, to T — ” 1 P mb’(““ ry .—_ 7
mix  xc + (1—x Coest xe, =+ 1—x o

In Eq. (13) additional allowance was made for the effect of the heat flux, the vapor
content, and the mass flow rate on the heat exchange (the factor in brackets). The effect
of the heat of the chemical reaction of dissociation on the convective heat exchange of the
vapor phase of the coolant (1) is taken into account in the right side of Egq. (13) through
the ratio of the effective heat capacity of the mixture to the "frozen" heat capacity.

Equation (13) applies to the region of vapor contents xp, < X < 0.95, where xp, can be
found from w.,. and the operating parameters of the stream (p, ow, q).

Satisfactory agreement between the experimental results and a calculation of the wall
temperature with deteriorated heat exchange is obtained using the method of Forslund and
Rohsenow [18]. Changes which allow for the properties of heat exchange in the gas phase
of N,0, under the conditions of the occurrence of the first stage of the reaction are intro-
duced into this method [19].

The graphs I, II, and III, comnstructed on the basis of calculations by Egqs. (11), (12),
and (13), are plotted in Fig. 2 as an illustration. The satisfactory agreement of the cal-
culated and experimental results is seen.

It should be pointed out that this method of generalization of the experimental data on
the bubble boiling of N0, is based on the thermodynamic azpproach to the explanation of the
observed effects and does not allow for the surface conditions, whose role may be decisive
in a certain region of the parameters. For example, in [13] an attempt is made to explain
the properties of N,0, heat exchange by the presence of high~boiling admixtures and a small
wetting angle., At the heating surface, especially in the presence of process admixtures in
the coolant (HNO;) and Hp;0), a number of complicated unstable compounds of the solvate and
hydrate type are formed which sharply alter the properties of the system (the viscosity,
saturation temperature, etc.).

Measurements which have been made [20] have shown an increased (by 5-10 times at x =
0.8-0.9) content of high-boiling process admixtures (HNOs;, Hz0) in the boundary layer of
liquid during the movement of a vapor—liquid stream in a heated pipe, and in [5] an increased
rate of corrosion of stainless steels in the zone of phase transitions of N,0, is noted which
is evidently interrelated. A quantitative analysis of the effect of these factors on the
heat exchange during the boiliﬁg of the N;0, system is difficult at present and will become
possible after the accumulation of additional experimental material,

Thus, the analysis of the results of studies of the heat exchange during the boiling of
the N;0, system under different conditions and modes of flow made it possible to construct
empirical and semiempirical functions which generalize the experimental data with a certain
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reliability. However, far from all the aspects of the mechanism of heat and mass transfer
during the boiling of chemically reacting systems are sufficiently clear, which demands the
performance of additional experimental and theoretical studies and the corresponding refine-
ment of the proposed functions.

NOTATION

p, pressure; T, temperature; o, heat-exchange coefficient; aa, degree of dissociation
of N,0, phases at the saturation line; q, heat flux density; 7 = p/p.p, reduced pressure;
w, velocity; x = (H — Hg)/AHg, vapor content by weight; H, enthalpy; p, density; r, AH,
heat of evaporation; o, coefficient of surface temnsion; v, coefficient of kinematic viscos-
ity; u, coefficient of dynamic viscosity; pw, mass velocity; Cp, specific isobaric heat
capacity; A, coefficient of thermal conductivity; Nu, Re, Pr, Nusselt, Reynolds, and Prandtl
numbers, respectively. Indices: ', liquid phase; ", vapor phase; mix, mixture; wa, heating
surface; cr, critical parameters; eff, effective propertles, £, "frozen" properties; s, prop-
erties at saturation line; d.b, developed boiling.
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