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Abstract

Nucleate boiling heat transfer coefficients were measured during pool boiling of the mixtures of ammonia/water on a
horizontal heated wire. The experiment was carried out at pressures of 0.4 and 0.7 MPa, at heat fluxes below 2000 kW/
m? and over all ranges of fraction. The heat transfer coefficients in the mixtures are markedly less than those in single
component substances and, in particular, are dramatically deteriorated in the vicinity of both single component sub-
stances. An applicability of existing correlations to the present experimental data is discussed. As a result, it is difficult
for any existing correlation to predict the coefficients over all ranges of fraction.

In the mixtures of ammonia/water, heat of dilution and of dissolution are generated near a vapor-liquid interface,
while vapor with a richer concentration of ammonia is condensed and then diffused into a bulk liquid; while in most
other mixtures, little heat is generated during any dilution and dissolution. The effect of the heat of dilution and of

dissolution on pressure and temperature in a system (pressure vessel) is shown.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

In mixtures of ammonia/water, each component has
a larger difference in saturation temperatures and the
difference between dew and boiling point is also large in
comparison with other mixtures, as shown in Fig. 1.
Phase equilibrium data in Fig. 1 were calculated using
modified the BWR method [1] for Freon mixtures and
using the Ibrahim and Klein [2] equation in PROPATH
[3] for ammonia/water. Therefore, in a heat cycle whose
temperatures of heat source and sink vary domestically,
one can improve irreversibility of a heat exchanger by
using present mixtures as a working fluid. However,
there is only one paper [4] that measured the heat
transfer coefficient of ammonia/water in pool boiling. In
the paper, the heat of dilution and of dissolution gen-
erated near the vapor-liquid interface was not discussed.
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In the present study, boiling heat transfer coefficients
of ammonia/water were measured on a horizontal he-
ated wire at pressures of 0.4 and 0.7 MPa, at heat fluxes
below 2000 kW/m? and over all ranges of mass frac-
tion. The applicability of five existing correlations pro-
posed by Stephan and Korner [5], Jungnickel et al. [6],
Schliinder [7], Inoue et al. [8] and Fujita and Tsutsui [9]
to the measured data will be discussed.

It is already well known that the heat is generated
while ammonia is mixed into water. In the present
mixtures also, the heat of mixing (dilution and dissolu-
tion) is generated while vapor with a richer fraction of
ammonia than the fraction of the bulk liquid is con-
densed and mixed into the bulk liquid. The effect of the
heat of mixing on the pressure and the temperature in a
system (pressure vessel) will be also clarified.

2. Experimental apparatus and procedure

Fig. 2 shows a schematic diagram of an experimen-
tal apparatus. A platinum wire 2 (diameter 0.3 mm,
length 37 mm) employed as a heated wire is horizontally
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Nomenclature
Ay empirical parameter in Eq.(1) ATy ideal wall superheat = x1 ATy + x2ATwe
By empirical parameter in Eq.(3) ATy wall superheat
C mass fraction of ammonia X,y molar fractions of liquid and vapor,
D mass diffusivity respectively
h heat transfer coefficient pes py  densities of liquid and vapor, respectively
H, latent heat of vaporization Subscripts
hig ideal heat transfer coefficient =1/{(x;/ | P more volatile component
) +. (x2/h2)} in Eqs. (1) and (3)-(5) = xi/n + 2 less volatile component
k xzahr; rlrrllei(rl.il(lzzf‘, @) c condensed surface
0 param 42 i vapor-liquid interface
k empirical parameter in Egs. (4) and (5) . .
id ideal
P pressure | liquid
(0] heat generated s saturation
9 heat flux sol solution
T temperature v VaADOL
T, T», Ts local temperature in Figs. 2 and 5 w wall)l
ATg temperature difference between dew and
boiling point
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Fig. 1. Phase equilibrium diagram of mixtures at P = 0.4 MPa:
(—) dew point curve; (- --) boiling point curve.

blanketed in location of 20 mm under a vapor-liquid
interface in a pressure vessel 1 and is heated through
direct electric current. Wall superheat is measured using
the temperature—electric resistance characteristic of the
platinum wire, which is determined by prior experiment.
The pressure vessel is immersed in a thermostat bath §
to isolate it from the surroundings. Vapor generated is
condensed by a condenser 6 and is returned into bulk
liquid.

Fig. 2. Experimental apparatus: (1) Pressure vessel (2) Heated
wire (3) View window (4) Insulator (5) Electrode (6) Condenser
(7) Pressure gauge (8) Thermostat bath (9) Thermostat with
pump 7T, T», T3 thermocouples.

Heat flux to the heated wire is increased stepwise and
wall superheat, heat flux and temperature (7}, 7> and T3)
are measured at each heat flux after the mean temper-
ature of the wire became steady at a given heat flux. The
temperature 7; is measured at a place of 10 mm under
vapor-liquid interface and 7, and 73 are done near the
wall of the pressure vessel. The system pressure is kept
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constant by controlling the supply of cooling liquid to
the condenser during the experiment. Additional details
of the experimental apparatus and procedure, as well as
an accuracy of measurement, are not explained here
since those were already indicated in Ref. [10].

3. Preliminary discussion of the effect of heat of dilution
and of dissolution on the pressure and temperature in the
system

Fig. 3 shows the change in the pressure and the bulk
liquid temperature, 77 and 75, with increasing heat flux,
while keeping the saturation vapor temperature, 7,
constant at mass fraction of C = 0.5 and 1.0. The system
pressure and the bulk liquid temperature are constant
with increasing heat flux for C = 1.0 (ammonia), while
the pressure and the temperature are increased with in-
creasing heat flux for C = 0.5. It is plain enough to see
that heat is generated near the liquid surface because the
liquid temperature, 7;, near the vapor-liquid interface
increases. The heat of dilution and of dissolution causes
this phenomenon. The former is generated while con-
densed liquid that has a richer ammonia fraction than
the fraction of the bulk liquid mixes into the bulk liquid,
and the latter results while ammonia vapor dissolves
into the bulk liquid. Therefore, the heat generated must
be smoothly removed to keep the system pressure con-
stant during boiling.

Fig. 4 shows the change in the vapor temperature, 73,
with increasing heat flux at 0.4 MPa. The change is small
at C = 0.1 and 1, while 73 must be decreased after the
onset of boiling in order to keep the system pressure
constant at C = 0.3 and 0.5. This fact means that the
temperature, T3, near the condenser must be kept below
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Fig. 3. Change in pressure and bulk liquid temperature with
heat flux at 0.4 MPa. (—) Saturation temperature; (---) satu-
ration pressure. C = 0.5, T3 = 32 °C, B pressure; @ tempera-
ture 7}, A temperature 7. C = 1.0, T3 = —1.9 °C, O pressure;
O temperature 77, A temperature 75.
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Fig. 4. Change of vapor temperature with heat flux, (0)C =
0.1; (A)C =0.3; (OH)C = 0.5; (+)C = 1.0.

saturation temperature to cool in the vapor region the
heat generated at the liquid surface. Thus attention must
be paid to a unique phenomenon in which the heat of
mixing is greatly generated in ammonia/water, differing
from mixtures without the heat of mixing.

Fig. 5 shows the heat generated and heat transmis-
sion in the system estimated from the pressure and the
temperature in Fig. 3. The heat is transmitted from
the vapor-liquid interface toward the circumference as
shown in Fig. 5. However, convection heat transfer co-
efficients, A, are small since convection of vapor is very
gentle in the vessel, and the thermal conductivity of
vapor is also very small. Therefore, the temperature
difference, T; — T, between the vapor-liquid interface and
the condenser must be large in order to keep the pressure
constant. The temperature difference, 7 — T3, is also
increased with increasing heat flux as shown in Fig. 3,

Fig. 5. Heat generated in the system.
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Fig. 6. Temperature distribution in the system, (1, 2, 3): posi-
tion of thermocouples; (C): position of condenser; (W): position
of heated wire.

since the amount of vapor generated increases with in-
creasing heat flux. Well, it will become easy to control
the condenser, since 7} — T3 becomes small if 4, is large.

Fig. 6 shows a temperature distribution in the vessel
estimated from Figs. 3 and 4, during a steady boiling in
a heat flux. The temperature distribution is tentatively
drawn with a broken line, since the exact distribution is
unknown. A temperature distribution for no heat gen-
erated during mixing is shown with a dot-dash line for
reference. The temperature is highest at the vapor-liquid
interface or on the heated wire; becomes lower than the
saturation temperature near the condenser; and gradu-
ally increases to the saturation temperature of circum-
ference, in the vapor space. Heat is accumulated near
some point of the lowest temperature between the he-
ated wire and the interface, some of which seems to be
consumed by growth of vapor bubbles and the remain-
der of which may be diffused into the surrounding liquid
well. The boiling heat transfer coefficients were mea-
sured under a steady state with temperature distribution
as shown in Fig. 6. Therefore, it should be noted that
special attention is needed to control the condenser in
order to keep the system pressure constant. It is esti-
mated that the heat generated gives little influence on the
heat transfer coefficients because the pressure is kept
constant and the influence of the heat of mixing does
not reach the heated wire. This is due to the phenome-
non of heat generation near the vapor-liquid interface.
Here, the heat transfer coefficient is defined by 4 = ¢/
(Tw — Ts).

4. Experimental result

4.1. Boiling heat transfer in single component substances

Fig. 7 shows a comparison between heat transfer data
obtained by the present experiment and correlations
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Fig. 7. Comparison between present data and correlations in
pure substances. Correlations: (—) Nishikawa and Fujita [10];
(= — —) Kutateladze [11]; (— - — - —) Stephan and Abdelsa-
lam [12].

proposed by Nishikawa and Fujita [11] (equation for
high heat flux with f; = 0.39), Kutateladze [12] and
Stephan and Abdelsalam [13]. Their correlations can
predict the data for water at 0.1 MPa within an accuracy
of 15%. For ammonia, the correlations [11,12] are in
good agreement with the data, though reference [13]
under-predicts the data. Therefore the Nishikawa and
Fujita [11] correlation, which is a figure necessary for
predicting the boiling heat transfer coefficients of am-
monia/water mixtures, is employed to predict boiling
heat transfer coefficients in water and ammonia at 0.4
and 0.7 MPa.

4.2. Boiling heat transfer in mixtures of ammonialwater

Fig. 8 shows the effect of the mass fraction on the
heat transfer coefficients, the temperature difference be-
tween boiling and dew points, AT, and the molecular
fraction difference between vapor and liquid, y; — x;.
The coefficients in the mixtures become dramatically
smaller than those in both single components, and in
particular are steeply decreased in the vicinity of the
single component substances. The minimum values exist
in wide range from C = 0.3 to 0.7 and would become
independent of the fraction in this range. It is found that
the trend in / against C is different from that in both
ATE and Y —Xi.
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5. Discussion of correlations

Most of the existing correlations include physical
properties of mixtures and empirical parameters. It is
difficult to discuss the applicability of correlations,
since some of them for mixtures of ammonia/water are
unknown. In this study, correlations (1)—(5) were se-
lected as listed in Table 1. These correlations use
phase equilibrium data (for example, ATz and y, — x;)
and some predictable quantities of state (for example,
Hy,, p). Here, A, in Eq. (1) depends on the combina-
tion of binary mixtures and Stephan and Korner [5]
found 0.42 < A4y < 3.56 for 17 kinds of binary mixtures.
They recommended the mean value of 4, = 1.53 for
mixtures that are not listed in their table [5]. The
constant ky in Eq. (2) was given as a function of the
difference in saturation temperature, |75, — 75|, of

both single component substances. The value of &y = 2
which is a maximum value was employed in this dis-
cussion, since the difference (for example, 145.5 K at
0.4 MPa) for ammonia/water is remarkably beyond
the applicable range of 0<|7Ts; — Tsy| <80 K whose
value was described by Jungnickel et al. [6]. The val-
ues of D and By in Eq. (3) were recommended by
Schliinder [7]. Thermodynamic properties were pre-
dicted using the Ibrahim and Klein [2] equation in
PROPATH [3].

Fig. 9 shows the /i—¢ relation at 0.4 MPa for given
mass fractions. Plots and lines in Fig. 9 are the exper-
imental data and values predicted by Egs. (1)-(4), re-
spectively. The data with a small inclination along the
heat flux are the natural convection region. Eq. (1)
over-predicts the present experimental data over all
ranges of the fraction, and Eqgs. (2)—(4) under-predict
the data over all ranges of the fraction. Eq. (4) is almost
identical with Eq. (5), though they were separately
proposed.

Fig. 10 shows the comparison of the correlations
with the present data. Both the Inoue et al. [8] and the
Schliinder [7] equations under-predict the data at 0.4
MPa with an accuracy of —15% to —76% and —15% to
—64%, respectively. The trend in under-predicting re-
verses, depending on the mass fraction. The Jungnickel
et al. [6] equation begins to under-predict the data
with increasing heat flux from Fig. 9. The Stephan and
Korner [5] equation using 4y = 1.53 over-predicts the
data over all ranges of fraction (+4% to +78%) and,
especially, extremely over-predicts the data at C =0.5
and 0.7, which has the same characteristic as Schliinder’s.
It should be added that it is difficult to accurately discuss
the data at 0.7 MPa because there are scatterings in the
data at that pressure. The authors modified the empiri-
cal parameter k in the Inoue et al. [8] equation (4) to
meet their Eq. (4) with the data using the least mean
square method. Nevertheless, there was still a large
predictive error of £48%.

Table 1
Existing correlations
Stephan and Korner [5] i _ 1 A) = 1.53 1
hia 1+ Ao(0.88 +0.12[bar])(yy —x1)" ° ()
Jungnickel et al. [6] i _ 1 pA—) )
ha — T+k(n —x1)(p,/p g0t ™ ?

Schliinder [7]

1

1+ (n —x1){1 — exp(—Boq/Dp,Hzg) }(To — T)ATi’

h

hig
Inoue et al. [8] i _ ;
hid 1 -‘1‘]€ATE/AT;d7
h
hig

Fujita and Tsutsui [9] 1

T 1+ kATe /ATy

By =1, D=0.0002 m/s 3)

k=1-0.75exp(—0.75 x 107°g [W/m’]) (4)

- k=1-08exp(—107°¢ [W/m?) ®
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Fig. 9. Comparison of correlations with experimental data in
h—C relation in mixtures. (—) Stephan and Korner [5]; (— — —)
Jungnickel [6]; (---) Schliinder [7]; (— - — - —) Inoue et al. [8].

Consequently, any existing correlation fails to predict
the present heat transfer data of ammonia/water mix-
tures. This failure may be attributed to the fact that
Egs. (1)—(5) are closely correlated with AT7g and y,—
x1, though the data are not related to both ATg and
y — x; as shown in Fig. 8, and to the fact that A7 and
¥ — x; of ammonia/water mixtures are much lager than
those of mixtures that have been studied. Thus, what
correlation equation taking into consideration the effect
of both ATg and y; — x; is open for discuss.
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Fig. 10. Comparison of correlations with present data (curves
predicted are the same with those used in Fig. 9).

6. Conclusions

The experimental study were conducted for heat
transfer during nucleate pool boiling on the horizontal
heated wire in the non-azeotropic binary mixtures of
ammonia/water, in which the heat of mixing is generated
at the vapor-liquid interface during boiling. The results
are as follows:

1. The effect of the heat of dilution and of dissolution on
the pressure and the temperature in the system were
clarified.

2. Boiling heat transfer in ammonia can be predicted by
existing correlations [11,12].

3. The heat transfer coefficients in ammonia/water mix-
tures become dramatically smaller than those in both
single component substances and, in particular, dete-
riorate steeply in the vicinity of both single compo-
nent substances.

4. Tt is difficult to predict the heat transfer coefficients
in ammonia/water over all ranges of fraction using
existing correlations.
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