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Abstract

This paper reports on the rates of condensation heat transfer for weak ammonia-water mixtures in a horizontal,
shell and tube condenser. It is shown that for inlet ammonia concentrations in the range 0.2-0.9 wt.% the average
condensation heat transfer for the condenser was enhanced by up to 14%. Furthermore, local enhancement of the
condensation heat transfer of up to 34% occurred at local bulk vapour concentrations between 0.2 and 2 wt.%
ammonia. This enhancement was caused by the Marangoni effect which produced a disturbed, turbulent banded
condensate film and a corresponding drop in the thermal resistance of the condensate film.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The general conclusion of previous binary mixture
condensation studies has been that binary mixture con-
densation occurs at a lower heat transfer rate than pure
vapour condensation. This lower heat transfer rate has
been attributed to the development of a mass diffusion
layer between the bulk vapour and the surface of the
condensate film that acts as an additional resistance to
heat transfer [1]. Although this deleterious effect can be
reduced by high thermal gradients, large vapour veloc-
ities and finned tubes [2], the reduced heat transfer
associated with binary mixture condensation has, until
recently, been accepted as largely unavoidable.

It is notable, however, that this conclusion was
reinforced by numerical studies where the condensate
film was assumed to be smooth and laminar. While such
a condition readily facilitates modelling of the binary
mixture condensation problem, it ignores the potential
of binary mixtures to exhibit condensation behaviour
not possible with pure vapours. In particular, the con-
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densation of binary mixtures can be significantly influ-
enced by the Marangoni effect. This effect describes the
influence of surface tension gradients, which can develop
in liquid mixtures from local perturbations in concen-
tration and temperature.

The Marangoni effect has been observed in several
heat and mass transfer processes such as distillation and
condensation [3-6]. In condensation the commonly ac-
cepted criteria used to determine the stability of the
condensate film to surface tension driven effects was
developed by Ford and Missen [7] who concluded that
the condition for instability could be expressed by Eq.
(1). The criterion states that if the change in surface
tension with respect to film thickness is positive, the film
will tend to be unstable. This conclusion is self evident
when a small area of disturbed film is considered. If a
region of this film that has the greatest depth also has
the highest surface tension, then condensate will be
drawn from adjacent thin film regions with lower surface
tension and the original disturbance to the film will be
reinforced. It was also shown that the inequalities ex-
pressed in Eq. (1) could be evaluated as a product of two
terms derived from the properties of the mixture and the
nature of the process. Two forms of this relation are
given in Egs. (2a) and (2b).
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Re Reynolds number of condensate film [41'/ ]
T temperature (K)

wt.% weight percent

X mass fraction of the more volatile species in

the condensate

Greek symbols

surface tension (N/m)

film thickness (M)

density (kg/m?)

viscosity (N s/m?)

molar fraction (mol/mol)

mass flow rate of condensate per unit length
tube (kg/ms)

~Ng =T >3

Superscripts and subscripts

average
00 bulk condition
cwW cooling water
i interface
1 liquid
Iv latent heat
Nu according to Nusselt theory
o outside
] sensible heat
tc thermocouple
v vapour
w wall

Nomenclature
area (m?)
a factor a in Ackermann correction (Eq. (8))
(NC,,v/hy)
C, specific heat at constant pressure (kJ/kgK)
c molar concentration (mol/m?)
Dy, diffusion coefficient (m?/s)
g gravitational acceleration (m/s?)
h heat transfer coefficient (W/m?>K)
heg latent heat of condensation (kJ/kg)
Jj molar flux (relative to average flux) (mol/
m?s)
Ja modified liquid Jacob number
[Cp(Ti - Tw,O)/hfg]
k thermal conductivity (W/m K)
ks thermal conductivity of stainless steel (W/
m K)
L length of tube section (m)
i molar flux relative to fixed axes (mol/m?s)
N molar flow rate (mol/s)
P Prandt]l number of condensate film [C,p/ki]
(0] total heat transfer (W)
q heat flux (W/m?)
R thermal resistance (K/W)
Ry thermal resistance of tube wall to thermo-
couple (K/W)
Fwo tube outside wall radius (m)
e tube thermocouple radius (m)
Jo )
e 0 (unstable condensate film) (1)
0o 0o or
w(o7) 5 2
0o ol Ox
5 ()% 2

During the condensation processes, 07 /06 is positive,
while Ox/00 is negative. The stability of the film is
therefore dependent on the nature of the mixture. If the
more volatile component has the lower surface tension,

Low concentration of more volatile,
low surface tension component.
High surface tension.

Thick film

and if the mixture surface tension does not exhibit some
minimum or maximum at an intermediate concentra-
tion, then the condensate film will tend to become
unstable. The presence of such a maximum or minimum
would serve to complicate the description of the system
because they imply the possibility of both positive and
negative behaviour in the same system. The perturbation
of the liquid film and the resulting flows within the film
caused by the Marangoni effect are shown schematically
in Fig. 1.

Recent research has identified that the Marangoni
effect will generate non-smooth condensate films that

High concentration of more volatile,
low surface tension component.
Low surface tension.

Thin film

w

Fig. 1. Schematic of film instabilities caused by the Marangoni effect showing the resulting convection cells within the condensate film

and the increased interfacial heat transfer area.
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range from ‘pseudo droplet’ [6,8] to ‘ringwise’ [9] mor-
phologies. This non-smooth behaviour has been shown
to significantly reduce the condensate film heat transfer
resistance; however this effect has been outweighed by
the increased resistance of the vapour diffusion layer. It
was in this context that Morrison and Deans [10] pub-
lished research showing that at very low concentrations
of ammonia, steam condensation heat transfer on a
short, horizontal tube was actually enhanced by up to
13%. This enhancement was attributed to the Marang-
oni effect which produced a disturbed condensate film at
ammonia concentrations where the diffusion layer
resistance remained low. This paper extends the work of
Morrison and Deans [10] by investigating the conden-
sation of weak ammonia-water mixtures in a simple,
horizontal shell and tube condenser.

2. Experimental method

The test condenser consisted of a 700 mm long, 150
mm diameter, stainless steel shell and a horizontal, 20
mm diameter, stainless steel tube arranged in a counter-
flow, single tube and shell pass configuration. The shell
(vapour) side was divided into six sections by a series of
baffles, which produced an approximately cross-flow
vapour flow pattern. Vapour composition, temperature
and pressure could be measured at several points along
the condenser shell and sight glasses allowed the con-
densation process to be observed visually. The tube was
instrumented with three thermocouples embedded in the
tube wall along the length of the tube and could be ro-
tated through 360°, facilitating radial tube surface tem-
perature measurements. Thermistors positioned along

Vapour
in
_ Plan view |

L

3685

the length of a twisted tape insert inside the tube mea-
sured the temperature of the cooling water, which
combined with the cooling water flow rate provided an
estimate of the energy transferred to each section of the
condenser tube. A schematic diagram of the test con-
denser showing its major components and general
dimensions together with the flow path of the vapour
and condensate is shown in Fig. 2. It should also be
noted that except for small amounts of vapour that were
purged prior to each test to remove any non-condens-
able gas, all of the vapour entering the test condenser
was condensed, i.e. the condenser operated as a total
condenser.

The tube wall temperature in condenser sections 2, 4
and 6 (see Fig. 2) was measured at 30 degree intervals
around the circumference of the tube. The average
outside tube surface temperature (T,) for each of
these sections was then calculated using the corre-
sponding average tube wall temperature (7,), the
cooling water energy balance (Q.,) and an estimate of
the thermal resistance (R..,) between the tube wall
thermocouple and the tube surface (Eq. (3a)). Finally,
the average condensation heat transfer coefficients
(hy.o) for sections 2, 4 and 6 of the condenser tube were
calculated using Eq. (4). This method was verified by
the excellent agreement of the experimental results for
pure steam condensation with Nusselt’s theory [11].
Furthermore, a worst case error analysis, based on
the errors presented in Table 1, suggested that the
maximum experimental error associated with the con-
densation heat transfer coefficient results was less than
6%.

Twﬁo = Tlc + ch . Rlc (33)

Cooling Cooling
water m water
in out
B — —
Baffle Condenser Condensate 150mm diameter Stainless steel shell
section pool Sight glasses allow visual observation of the condensate surface
Ports allow sampling of vapour temperature, concentration and pressure
_ Main elevation _
6 5 4 3 2 1
— X 0 —

L
= l Condensate

Tube thermocouple
out

700 mm

20 mm outside diameter stainless steel tube.

2.5 mm thick tube wall.

Tube wall embedded with thermocouples in condenser sections 2, 4 and 6.
Internal twisted tape insert with cooling water temperature sensors.

Tube rotates through 360 degrees.

Fig. 2. Schematic diagram of the ammonia—water test condenser.
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Table 1
Potential measurement errors

Thermocouples (K type)

Thermistors (precision glass encapsulated)
Cooling water flow rate (Rotameter)
Ammonia concentration (titration)

+0.2 °C

+0.02 °C

+0.0038 kg/s (1% of full scale)
+3% of measurement

In ()

2.k L

[ (4)

Aw,o : (Tvﬁoo - Tw,o)

where R, =

The experimental condensation heat transfer coefficients
were compared to both Nusselt’s theory of condensation
(Eq. (5)) and a numerical binary condensation model.
The theoretical results from Eq. (5) were calculated for
pure steam condensing on the tube surface with the
vapour at the same saturation temperature as that of the
binary vapour and a uniform outside wall temperature
equal to the experimental average outside wall temper-
ature.

0.25
N ' Hy - (Tv.oo - TW\O)

3. Model

The one dimensional model was based on the
geometry of the test condenser and the binary conden-
sation theory of Colburn and Drew [12]. Colburn and
Drew considered the ‘point’ or initial condensation of
miscible binary vapours on a vertical surface. Their
model assumed that mass transfer existed only in the
direction normal to the vapour-liquid interface and
implied that the composition of the condensate was
determined by condensation at that point alone. Fur-
thermore, they postulated that at the vapour-liquid
interface, the local liquid and vapour compositions
could be approximated by static equilibrium conditions.
Using a vapour side diffusional mass transfer resistance
derived from Ficks law (Eq. (6)) together with the
boundary conditions for the vapour film implied by the
assumption of static equilibrium at the interface, Eq. (7)
was derived. To complete the model, the actual heat
transfer had to be quantified. The total heat transfered
contains both the sensible cooling of the vapour and the
latent heat of condensation. This energy balance is given
by Eq. (8), which includes the Ackermann correction
[13]. The heat transfer associated with the condensation
process, given by Eq. (8), was then equated with the heat
transfer coefficient of the condensate film. This is de-
scribed by Eq. (9). The temperature and composition at

the vapour-liquid interface could then be determined by
iteration of Egs. (8) and (9).

Ji=DipVo (6)
TR
ey e ;
| )
v v Wy i
q9=4qs+qy
_ a Disey
=h, (TVOO Tl)|:17 a]+hfg' Sy
B,
“In | & = (8)
N Wy i
q="h (T = To) )

It should be noted that currently there is no complete
theory to predict the heat transfer coefficients of dis-
turbed binary condensate films. The model therefore
predicted the condensate film heat transfer coefficient
using Nusselt’s theory, which presumes a smooth, lam-
inar condensate film. This approach highlighted the
difference between smooth and non-smooth binary
condensate film behaviour.

A full description of the model together with further
details of the experimental apparatus and procedures is
given by Philpott [14].

4. Results and discussion

All of the ammonia-water condensation experiments
were carried out at the same cooling water flow rate
(0.25 kgfs), cooling water inlet temperature (14 °C) and
condenser heat load (7.3 kW). The cooling water tem-
perature increase from condenser inlet to outlet was
therefore approximately 7 °C. The tests were charac-
terised by relatively low bulk vapour velocities and
Reynolds numbers. Vapour velocities within the con-
denser ranged from near static to 0.6 m/s, producing
vapour Reynolds numbers, based on tube diameter,
between 30 and 400. The ammonia-water condensation
tests were also characterised by moderate liquid Prandtl
numbers, 2 < Pr; < 5, low modified liquid Jacob num-
bers, 0.02 < Ja; < 0.04 and relatively low liquid Rey-
nolds numbers, 20 < Rep; < 60 (all based on mixture
properties described in Appendix A). While the tests
were concerned with the condensation of mixtures rather
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than pure vapours, the non-dimensional numbers listed
above indicate that Nusselt’s analysis could be applied
to the condensate film without consideration of inter-
facial shear stress, inertial forces and energy convection.

Furthermore, the ammonia—water condensation tests
were conducted at average outside wall temperatures
significantly below the bubble point of the mixture (>5
°C). This indicated that local total condensation oc-
curred along the length of the tube in all of the tests.
However, the pool of condensate in the bottom of the
condenser tended to re-establish equilibrium with the
bulk vapour, producing an increase in the bulk vapour
ammonia concentration from vapour inlet to condensate
outlet.

Due to the ammonia concentration gradient which
developed within the condenser a range of condensate
film behaviour was observed along the length of the
condenser tube in each of the ammonia water conden-
sation tests. The tests began at low inlet vapour ammonia
concentrations (0.2 wt.%) and progressed to higher
concentrations (1.6 wt.%). Initially the condensate film
behaviour ranged from smooth at the vapour inlet end of
the condenser where the ammonia concentration was
low, to slightly disturbed at the bottom of the tube in the
middle of the condenser, to part smooth, part banded at
the condensate outlet end of the condenser where the
ammonia concentration was at its highest. It should be
noted that the films described as smooth in the ammonia
water tests were not as disturbance free as those found in
the steam tests but displayed the odd random ripple.
These disturbances were not stable but would sponta-
neously appear and disappear.

When the inlet ammonia concentration was increased
the condensate film became increasingly disturbed. Fig.
3 shows the condensate film observed at the condensate
outlet end of the condenser (section 6) during an
ammonia water condensation test with an inlet vapour
concentration of 0.47 wt.% ammonia. The film was
highly disturbed, displaying thin, fast moving turbulent
bands and also showed signs of pseudo-droplet con-

Section 6 Section 4

Fig. 3. Turbulent banded condensate film on condenser tube
surface. Local bulk vapour concentration=1.09 wt.% ammo-
nia. Vapour to average outside wall temperature difference =
10.5 °C.

densation. This film behaviour corresponds to some of
the lowest condensate film resistances measured (see Fig.
10 for details). In the earlier stages of the condenser the
condensate film was part smooth, part turbulent ban-
ded. These film disturbances developed from right to left
on the tube surface (see Fig. 4a and b), the reason for
this behaviour is unclear but may have been due to tube
surface temperature effects. The cooling water inside the
tube flowed from left to right and was slightly warmer
(1-2 °C) towards the right of any given condenser sec-
tion. This would have produced a slightly higher tube
surface temperature and lower vapour to outside tube
wall temperature difference on the right hand side of the
condenser section. As noted by Tamir [15] lower vapour
to wall temperature differences tend to promote film
disturbances during binary mixture condensation and it
is therefore likely that disturbances in the condensate
film would begin to develop where the vapour to wall
temperature difference was lowest, namely the right
hand side of each section of the condenser.

Section 2

b. 0.90%

e EETE

Fig. 4. (a—c) The condensate film at various positions within the condenser. (Inlet vapour ammonia concentration 0.55 wt.%, local

bulk vapour ammonia concentration inset.)
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With further increases in the inlet vapour ammonia
concentration the film disturbances eventually devel-
oped over the entire tube surface. However, at these
relatively high ammonia concentrations the banded
structure of the film was thicker and far less vigorous
than that observed at lower vapour concentrations.

The local experimental condensation heat transfer
coefficients are presented in Figs. 5 and 6. It can be seen

that the experimental results for pure steam agree well
with both Nusselt’s theory (Eq. (5)) and the numerical
model. Furthermore, Figs. 5 and 6 show an enhance-
ment in the condensation heat transfer coefficient for
condenser sections 4 and 6 between vapour concentra-
tions of approximately 0.3-2 wt.% ammonia, with a
maximum enhancement of approximately 80% over the
binary condensation model and 34% over the Nusselt
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Fig. 5. Sectional condensation heat transfer coefficients.
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Fig. 6. Ratio of the sectional condensation heat transfer coefficient to Nusselt theory (Eq. (5)).
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prediction occurring at an ammonia concentration of
0.9 wt.%. It can also be seen that for local bulk vapour
ammonia concentrations greater than 2 wt.% the con-
densation heat transfer coefficient was less than that
predicted for pure steam, decreasing with increasing
ammonia concentration as predicted by the model. This
trend is consistent with previous binary condensation
research [1,12].

Figs. 5 and 6 also show that the heat transfer coef-
ficient for section 2 of the condenser tube generally re-
mained at or below the Nusselt prediction and initially
decreased in a similar fashion to that predicted by the
binary condensation model. This was caused by a delay
in the axial growth of disturbed film in the early sections
of the condenser. Condensate film disturbances were
present in section 2 at these ammonia concentrations;
however they were restricted to the right hand side of the
tube (see Fig. 4a for example) and therefore did not
influence the thermocouple embedded in the tube wall
near the centre of the section. This produced an under-
estimate in the average tube surface temperature of the
condenser section and hence an underestimate of the
average condensation heat transfer coefficient. Thus, due
to the geometry of the instrumentation, the experimental
results tended to exaggerate the seeming lack of distur-
bances in section 2 of the condenser. Nevertheless, the
reasons why the development of condensate film dis-
turbances were retarded in the early sections of the
condenser at vapour concentrations and coolant tem-
peratures similar to those found in the later stages of the
condenser remains unknown. If anything, the above
discussion highlights the sensitivity of the onset of Ma-

14000

rangoni instabilities to experimental parameters during
binary condensation. The onset of Marangoni distur-
bances is the focus of research being conducted by Korte
et al. [16,17].

Figs. 7 and 8 present the overall tube condensation
heat transfer coefficients at various vapour inlet con-
centrations. The values were calculated by averaging the
sectional heat transfer coefficients on a tube area basis. A
maximum overall increase in the condensation heat
transfer coefficient of approximately 40% over the binary
condensation model and 14% over the Nusselt prediction
occurred at an inlet vapour ammonia concentration of
0.47 wt.%. The enhancement of the overall condensation
heat transfer coefficient was reflected in the condenser
pressure, shown in Fig. 9.

The increased heat transfer for the ammonia—water
condensation tests was a result of the disturbed con-
densate film induced by the Marangoni effect. Since the
tests were conducted under conditions of local total
condensation, i.e. the vapour-liquid interface tempera-
ture could be assumed to be at the bubble point tem-
perature of the mixture, it was possible to isolate the
thermal resistances of the vapour and condensate films
(Egs. (10) and (11), respectively) from the overall con-
densation resistance (Eq. (12)).

(I, - T)

R, =
0

(10)

(T = Tvo)

Ri="5

(11)

13000

A Experimental

12000

o Numerical model
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7000

Condensation Heat Transfer Coefficient

6000

0

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Condenser Inlet Ammonia Concentration (wt%)

Fig. 7. Overall tube condensation heat transfer coefficient.
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Fig. 8. Ratio of overall condensation heat transfer coefficient to Nusselt’s prediction.
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Fig. 9. Condenser pressure variation with inlet vapour ammonia concentration.

(Tv - Tw,o)

R, =
0

(12)

Fig. 10 shows that the resistance of the vapour film was
relatively low at low ammonia concentrations and gen-
erally increased with increasing concentration. This

behaviour was consistent with that predicted by the
binary mixture condensation model. At very low
ammonia concentrations (<0.5 wt.%) the thermal resis-
tance of the condensate film was also similar to that
predicted by the model. However, as the ammonia
concentration was increased and the film disturbances
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Fig. 10. Vapour and condensate film resistances.

became more vigorous the condensate film resistance
was markedly reduced, with minimum resistances cor-
responding to turbulent banded condensate films similar
to that shown in Fig. 3. Further increases in the
ammonia concentration (>2 wt.%) generally produced
slightly less vigorous condensate film behaviour and
higher condensate film resistances.

Fig. 11 compares the heat transfer through the ac-
tual, disturbed condensate film with that theoretically
predicted for a smooth, laminar binary condensate film.
It can be seen that at low ammonia concentrations
where the condensate film was relatively smooth the
ratio of the experimental to theoretical heat transfer
tended towards unity. As the disturbances increased in
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Fig. 11. Condensate film heat transfer enhancement.
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intensity the heat transfer through the condensate film
also increased, with a maximum enhancement of 175%
occurring at an ammonia concentration of approxi-
mately 1.3 wt.%, which is significantly greater than the
32% enhancement of the condensate film heat transfer
reported by Morrison and Deans [10]. This greater
enhancement is believed to be due to the more vigorous
nature of the condensate film disturbances reported in
this paper. Further increases in the ammonia concen-
tration generally decrease the heat transfer though the
condensate film, however some enhancement was still
evident at a concentration of 4.5 wt.% ammonia.

5. Conclusions

The results show that for the condensation of weak
ammonia-water mixtures on a horizontal tube the con-
densate film is generally disturbed. These film distur-
bances were caused by the Marangoni effect i.e. surface
tension gradients within the condensate film. The film
disturbances caused the heat transfer through the con-
densate film to increase by as much as 175%. However,
this heat transfer enhancement was partially off set by
the added thermal resistance of the vapour film, pro-
ducing local condensation heat transfer coefficients up to
34% higher than that predicted for pure steam. Fur-
thermore, it was shown that for inlet ammonia concen-
trations in the range 0.2-0.9 wt.% the average
condensation heat transfer for the entire condenser was
enhanced by up to 14%.

Appendix A. Property data

All condensate film property data was evaluated at
the liquid film temperature and composition, 7} and xj,
respectively. The average liquid film temperature was
estimated using Eq. (A.1), while the ammonia concen-
tration of the condensate film was taken to be equal to
the interface concentration, i.e. x; = x;

=Ty +05 (T — Tyo) (A.1)
The dynamic viscosity of the condensate film, () was
estimated using a correlation by Morrison [18] fitted to
experimental data from Vemura [19]. The correlation
was in the form of a mass averaged value and a cor-

rection based on the difference between the viscosity
values of the pure components.

W= (xi g + (1 =) 'HLHZO) =+ ((Hl.H;o - Hl,NH3)
f(xi) - f(T),) (A.2)
where
f(x;) =4.00175 - x; — 10.4785 ~xi2 + 7.88742 ~xi3
139324 % (A.3)

and

0.8047 —0.005423 - 7
0.526

f(h) = (A4)
The thermal conductivity of the condensate film (k) was
estimated from Lucas [20].

b= ! (A.5)

Xi - ki, + (1= x)ki,0

All vapour side properties were evaluated at the average
vapour mixture film temperature and concentration, 7,
and y, ([21]).

_L+T1x

T, A.

. (A6)
1 + o0

p =2 2y (A7)

According to Lucas [20] the specific heat of the gas
mixture (C,,) can be estimated on a mass fraction basis
from the values of the pure components.

Cov =2+ Counny + (1 =) - Cpumyo (A8)

The viscosity of the vapour mixture (u,) can be esti-
mated from Liley et al. [22].

W My Nm, (I=») - ymo

v = A9
. WA+ T =) On »-0y+(1-y) (A9)
where
12 (= ~ 174\
(1 + (ﬂv,NH;/:uv,HZO) s (MHZO/MNH3> )
O, = — — 7
<8~ (1 + Mn, /MH20)>

(A.10)
and
0, = (HV,Hzo/MVA,NH3) : (MNHg/MHzO) <O (A~11)

The thermal conductivity of the gas mixture (k,) can be

calculated in a similar manner Lucas [20].
W kv,NH3 (1 - yv) : kv,HZO

yt (L =w) p- O+ (1-x)

(A.12)

v =

where @, and ©,, are calculated using Eqgs. (A.10) and
(A.11) with p, Ny, and p,y,0 replaced by kynm, and
ky 1,0, respectively.

All other property data including mixture dew and
bubble points, equilibrium ammonia concentrations,
latent heats of vapourisation, and liquid and vapour
mixture densities were calculated using an Ammonia
Water Mixtures (AWMix) library module. AWMix is a
procedure compiled into a dynamic-link-library for use
with the Engineering Equation Solver program pro-
duced by F-Chart Software. The module is an imple-
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mentation of the Helmholtz free energy model for water-
ammonia-mixtures established by Tillner-Roth and
Friend [23], based on the equation of state for pure
water established by PruB and Wagner [24], and the
equation of state for pure ammonia by Tillner-Roth [25].
This formulation offers a consistent description of all
thermodynamic properties of the mixture.
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