RIVUE INTIRRATIONALE DY FROID

INTERNATIONAL L OURNAL OF

refrigeration

International Journal of Refrigeration 23 (2000) 101-111

www elsevier.com locute ijretrig

The effect of a boiling additive on R123 condensation on a
vertical integral-fin surface

M.A. Kedzierski*

National Institure of Stundards and Technology, Building Fire and Research Luboratory, building 226, Rm BI114.
Guithersburg, MD 20899, USA

Abstract

This paper examines the effect of the addition of 0.5% mass isopentane to R123 on the vapor-space condensation
heat transfer of R123. In a previous studs. the pool boiling performance of R123 was improved by adding 0.3% mass
isopentane. Consequently. the impetus of the present study was a desire to quantify the consequence of the boiling
additive on the condensation heat transfer performance of pure R123. In this way. the net effect of the additive on the
cvcle performance of pure R123 can be estimated. The data consisted of the heat flux and the wall temperature differ-
ence measurements for pure R123 and R123 isopentane (99.5,0.5) on an integral-trapezoidal-fin surface. The tem-
perature of the saturated vapor was held constant at 313,13 K for all of the tests. On average. the R123 isopentane
mixture exhibited a 4%, smaller heat flux than that of pure R123. Presumably, the degradation was caused by the
zeotropic behavior of the mixture. which led to a loss of available driving temperature difference for heat transfer
across the liquid film. Considering that the boiling performance was enhanced on average by 10% with the addition of
0.5%% mass isopentane. isopentane may still be a viable means of improving the cvcle performance of R123 despite the
49, condensation heat transfer degradation. ¢ 2000 Elsevier Science Ltd and IIR. All rights reserved.
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Effet d’un additif sur la condensation du R123 a la surface
d’un tube ailetté vertical

Résumé

Cet article examine Ueffet de l'ajout de I'additif isopentane (d raison de 0.5 % mjv) au frigorigéne R123 sur le transfert
de chalewr lors de la condensation du R123. dans l'espace vapeur. Dans une étude précédente, I'ébullition libre du R123
avair 616 améliorée par I'ajout d'isopentane (a raison de 0.5 % mjv). L'objectif de cette étude était de mesurer de facon
quantitative Uinfluence de cet additif sur le transfert de chaleur lors de la condensation du R123 pur. De cette manigre, on
peut mesurer Ueffet net de Iadditif sur la performance du cycle utilisant du R123 pur. Les données examinées étaient - le
Aux thermique, les différences de température de paroi pour le R123 pur et le mélange R123 [ isopentane (99.5 | 0.5) sur
une surface @ ailette trapézoidale. La température de la vapeur saturée a é1é maintenue constante (d 313.15 K pendant
lintégralité des essais. Le flux thermique moyen du mélange R123/isopentane était inférieur de 4 % a celui di R123 pur.
Cette baisse para it étre due au comportement zéotrope du mélange qui donne lieu d une différence de température dimin-
uée, réduisant ainsi le transfert de chaleur d wavers le film liquide. Si on iient compte du fait que lu performance d

* Tel: +1-301-975-4032; fax: + 1-301-208-0485.
E-mail address: mark kedzierski@ nist.gov (M.A. Kedzierski)

0140-7007/00/520.00 ‘© 2000 Elsevier Science Ltd and TIR. All rights reserved.
PI1: S0140-7007(99)00039-0



102 M. A. Kedzierski| International Journal of Refrigeration 23 (2000) 101-111

I'ébullition a été ameliorée de 10 % en moyvenne par l'ajout Jisopentane (d raison de 0.5 % mfv}, l'isopentane reste un
outil valable dans la mesure ou il permer d'améliorer la performance du cyvcle de R123 malgré la baisse (de 4 %) du
transfert de chaleur lors de la condensation. T 2000 Elsevier Science Ltd and IIR. All rights reserved.
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Nomenclature

A surface area (m)

C regression constant (Eq. 1)

B regression constant (Table 1)

Er, expanded uncertainty in the wall
temperature (K)

Ey relative expanded uncertainty (%) in
heat flux measurement

€ height of fin from tip to root (m)

/ interaction coefficient

h heat transfer coefficient (W 'm-xK)

Kk thermal conductivity (W mxK)

L, length of test surface in v-direction (m)

g’ average wall heat flux (W m?)

T temperature (K)

T, temperature of surface at root of fin (K)

U expanded uncertainty

1 standard uncertainty

X test surface coordinate, Fig. 2 (m)

i
|
Xm mass fraction |
v test surface coordinate, Fig. 2 (m) !

!

|

Greek symbols
AT wall temperature difference: T, - T, (K) :

n surface efficiency |
Subscripts

f fin

i liquid—vapor interface

1 liquid

m mixture

0 total

p pure R123

5 saturated liquid or vapor state

v saturated vapor state ;
Superscripts !
- average

1. Introduction

For the refrigeration and air-conditioning industry. a
liquid additive would be an economical means to reduce
manufacturing and or operating costs. For example. a
liquid additive for 1,1-dichloro-2,2.2-trifluoroethane
{R123) would enable existing water chillers to operate
more efficiently or enable new water chillers to meet the
same duty with fewer tubes. However, the economic
benefit of additives that enhance boiling heat transfer
can be realized only when the additive does not sig-
nificantly degrade the condensation heat transfer.

Kedzierski [1] measured a significant enhancement of
R123 pool boiling with the addition of 1 and 2% hexane
by mass to R123. He used the Gibbs adsorption equa-
tion and the Young and Dupre equation to speculate
that the boiling heat transfer enhancement of R123 by
the addition of hexane was caused by an accumulation
of hydrocarbon at the boiling surface. In essence, the
greater concentration of hydrocarbon or “excess layer”
at the heat transfer surface caused a reduction of the
surface energy between the solid surface and the liquid.
The existence of an excess layer at the liquid-solid
interface is analogous to the existence of a surfactant
induced excess layer at a liquid-vapor interface. Conse-

quently. the hyvdrocarbon is not a typical surfactant
because it accumulates at the solid-liquid interface
rather than the liquid-vapor interface. However, the
reduction in the liquid-solid surface energy results in a
similar reduction in bubble departure diameter that
occurs with a conventional surfactant. As a consequence
of the bubble size reduction, the active site density
increases. A boiling heat transfer enhancement existed
when a favorable balance between an increase in site
density and a reduction in bubble size occurred.

In another boiling additive study, Kedzierski [2]
speculated that fouling caused a more modest improve-
ment in the heat flux of R123 with the addition of iso-
pentane and hexanme. Overall, the RI123/isopentane
{99.5/0.5) by mass mixture exhibited a 10% heat flux
enhancement for heat fluxes within the range of 10 to 90
kW/m?. Similarly, the R123/hexane (99.5/0.5) mixture
showed an overall 4% and a maximum of 13% heat flux
enhancement over that of pure R123.

The purpose of the present study is to determine the
effect of a boiling additive on the condensation heat
transfer performance of R123. A boiling additive is
unlikely to be commercially viable if it causes a heat
transfer degradation in the condenser that more than
offsets the heat transfer enhancement in the evaporator.
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Assuming that isopentane is a better additive than hex-
ane for the enhancement of R123 boiling on all surfaces,
isopentane may potentially produce the greatest net heat
transfer improvement between the condenser and the
evaporator. Based on that premise, the vapor-space
condensation heat transfer performance of pure R123
and an RI23/isopentane (99.5/0.5) by mass mixture
were measured on a vertical. trapezoidal fin surface.

2. Apparatus
Fig. 1 shows a schematic of the apparatus that was

used to measure the vapor-space condensation heat
transfer data of this study. Specifically, the apparatus

103

was used to measure the vapor saturation temperature
(T), the average condensation heat flux (¢"). and the
wall temperature (T,) of the test surface at the root of
the fin. The three principal components of the apparatus
were test chamber, post condenser, and boiler. The
internal dimensions of the test chamber were approxi-
mately 254x200x 130 mm. The boiler was charged with
approximately 10 kg of R123. Hot city water lowed
inside the tubes of the boiler to heat the test refrigerant
on the shell-side of the boiler. The test section was visi-
ble through three, flat quartz windows. The opposing
side of the finned condensing test surface was cooled
with high velocity (2.5 m/s) water flow. Varving the
temperature of the cooling water varied the heat flux of
the test section. The vapor produced by the boiler was
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Fig. 1. Schematic of condenser test apparatus.

Fig. 1. Schéma du condenseur expérimental.
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condensed by the post condenser and the test section
and returned by gravity to the liquid pool. The post
condenser was identical to the sheil-and-tube boiler:
however, chilled water flowed inside the tubes while the
vapor condensed on the outside of the tubes. The duty
of the boiler and the post condenser were sigmficantly
large so that a wide variation in the duty of the test
surface would not affect the saturation pressure of the
test apparatus. The purger and the desiccant filter
removed non-condensible gases and water, respectively.
from the test refrigerant after charging and before
testing.

To reduce the errors associated with the saturation
temperature measurement, the saturation temperature
of the vapor was measured with two 450 mm long 1.6
mm diameter stainless steel sheathed thermocouples.
The small diameter provided for a relatively rapid
response time. Approximately 180 mm of each thermo-
couple length was exposed to the vapor of the test
chamber. The portion of each thermocouple that was in
the test chamber was shielded with a 6 mm diameter
stainless steel tube and was in contac¢t with the saturated
refrigerant vapor. The tips of the two thermocouples
were placed near the lower edge of the test plate and
approximately 60 and 95 mm, respectively. from the
front of it.

All dimensicns in mm

82.55 20
2517,

4

3. Test surface

Fig. 2 shows the oxygen-free high-conductivity
{OFHC) copper integral-trapezoidal-fin test plate used
in this study. The integral-trapezoidal-fin surface in this
study was machined directly onto the top of the test
plate by electric discharge machining (EDM). Fig. 3
shows a drawing of the fin cross sectton. The fin pitch
was 1.36 mm. The surface had nominally 746 fins per
meter oriented along the long axis of the plate. The ratio
of the surface area to the projected area of the surface
was 2.87. The ratio of the fin area (4,) to the total area
(A,) was 0.74. The fin-tip width and the fin-height were
0.24 and 1.53 mm, respectively.

—J ‘:: 1.36 mm
0.236 mm

Fig. 3. Drawing of trapezoidal cross-section.

Fig. 3. Schema de la structure rapézoidale ( coupe ;.

L—— All holes 0.53 mm dia.,
16 mm deep, evenly spaced

190

12.7

T

1016

_/

Heated surface

Fig. 2. OFHC copper trapezoidal-fin test plate and thermocouple coordinate system.

Fig. 2. Plaque en cuivre hautement conductrice sans oxygéne expérimentale et systéme d thermacouple.
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4. Measurements and uncertainties

The standard uncertainty (1) is the positive square root
of the estimated variance u?. The individual standard
uncertainties are combined to obtain the expanded
uncertainty (U). The expanded uncertainty is commonly
referred to as the law of propagation of uncertainty with
a coverage factor. All meuasurement uncertainties are
reported for a 95% confidence interval.

The copper-constantan thermocouples and the data
acquisition system were calibrated against a glass-rod
standard platinum resistance thermometer (SPRT) and
a reference voltage to a residual standard deviation of
0.013 K. The NIST thermometry group calibrated the
fixed SPRT to two fixed points having expanded uncer-
tainties of 0.06 mK and 0.38 mK. A quartz thermo-
meter, which was calibrated with a distilled ice bath,
agreed with the SPRT temperature to within approxi-
mately 0.003 K. No correlation was found to exist
between the measured thermocouple electromotive force
(EMF) and a measured | mV reference. Consequently.
there was no measurable dnft in the acqusition voltage
measurement over a month period. Before each test run.
the measurements of a thermocouple in the bath were
compared with the SPRT. The median absolute differ-
ence between the thermocouple and the SPRT was 0.02
K over the duration of the entire study. Considering the
fluctuations in the saturation temperature during the
test and the standard uncertainties in the calibration. the
expanded uncertainty of the average saturation tem-
perature was no greater than 0.04 K. Consequently. it is
believed that the expanded uncertainty of the tempera-
ture measurements was less than 0.1 K. The saturation
temperature was also obtained from a pressure trans-
ducer measurement with an expanded uncertainty of
less than 0.03 kPa. The expanded uncertainty of the
saturation temperature from a regression (with a resi-
dual standard deviation of 0.6 mK) of equilibrium data
[3] for R123 was 0.17 K. The saturation temperature
obtained from the thermocouple and the pressure mea-
surement nearly always agreed within =0.17 K for the
pure R123 data.

Fig. 2 shows the coordinate system for the 20 wells
where individual thermocouples were force-fitted into
the side of the test plate. The wells were 16 mm deep to
reduce conduction errors. Using a method given by
Eckert and Goldstein [4], errors due to heat conduction
along the thermocouple leads were estimated to be well
below 0.01 mK. The origin of the coordinate system was
centered on the surface with respect to the y-direction at
the root of the fin. Centering the origin in the y-direc-
tion improved the accuracy of the wall heat flux and
temperature calculations by reducing the number of fitted
constants involved in these calculations. The x-coordinate
measures the distance normal to the heat transfer surface.
The yv-coordinate measures the distance perpendicular to

the x-coordinate. The thermocouples were arranged in
four sets of five aligned in the x-direction. Following a
procedure given by Kedzierski and Worthington [5], the
size and arrangement of the thermocouple wells were
designed to minimize the errors in the wall temperature
and temperature gradient measurement.

The heat flux and the wall temperature were obtained
by regressing the measured temperature distribution of
the block to the governing two-dimensional conduction
equation {Laplace equation). In other words. rather
than using the boundary conditions to solve for the
interior temperatures, the interior temperatures were
used to solve for the boundary conditions following a
backward stepwise procedure given in Kedzierski [6].

A backward stepwise regression was used to determine
the best model or the significant terms of the solution to
the Laplace equation in rectanguiar coordinates for each
data point. Most infinite series solutions should converge
within nine terms. The backward stepwise method began
by regressing the first nine terms of the Laplace infinite
series solution to the 20 measured plate temperatures:

T=Cy+Cix+Civ+ C;(.\‘: *_1':) +2C,xy

+ Csx(x" = 317) + Cor(3x7 = »7)

+ C- (v = 63707 4037 + 4G (¢ y - ) H

The above “full” model was reduced to its significant
terms by removing terms with ¢-values less than two
while maintaining the original residual standard devia-
tion of the full model. Terms were removed one at a
time. Regression of the 20 temperatures was done after
each term with the smallest r-value removed. Kedzierski
[7] provides an overview of the various two-dimensional
conduction models that were used to reduce the mea-
sured temperatures to heat fluxes and wall temperatures.

Fourier's law and the fitted constants (Cy. Ci. ... Cp)
were used to calculate the average heat flux (¢") normal
to and evaluated at the heat transfer surface, e.g.:

L
L 1T T ]
q" = ZJ.L_I\ o dy {2)

a=l)

For most models, the above equation reduces to:
g =kC (3

where k is the average thermal conductivity along the
surface of the plate, and L, is the length of the heat
transfer surface as shown in Fig. 2.

The average wall temperature (7,,) was calculated by
integrating the local wall temperature:

3]

11+ ,
mo= (oL mar)x=0 @
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Fig. 4 shows the uncertainty in the temperature of the
surface at the root of the fin (Eny) as a function of the
heat flux for the two test fluids on the trapezoidal fin
surface. The uncertainty in T, was calculated from the
regression of the solution to Laplace's equation. The
uncertainties in the wall temperature for the two fluids
are consistent with one another increasing from
approximately 0.012 K at 2 kW/m* to 0.034 K at 60
kW/m?. The average random error in the wall tempera-
ture difference — AT, =T, — T,, — was within 0.04 K
for all test heat fluxes. Fig. 5 shows the relative (percent)
uncertainty of the heat flux (£,”) as a function of the
heat flux. Siu et al. [8] estimated the uncertainty in the
thermal conductivity of OFHC copper to be about 2-
3% by comparing round-robin experiments. Consider-
ing this, the relative expanded uncertainty in ¢” was
greatest at the lowest heat fluxes, being between 4% and
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Fig. 4. Uncertainty in the temperature of the surface at the
root of the fin for 99.5% confidence.

Fig. 4. Incertitude de la température de la surfacea {a base de
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Fig. 5. Percentage uncertainty of the heat flux for 95% con-
fidence.

Fig. 5. Incertitude (exprimée in pourcentage) pour le flux ther-
mique (intervalle de confiance 95 % ).

9% for heat fluxes less than 10 kW/m-. In general. the
E," appears to remain within 3% and 4% for heat
fluxes greater than 15 kW/m?>,

The R123/isopentane (99.5/0.5) by mass mixture was
prepared by first charging approximately 90% of a
known mass of R123 into the boiler. Next, a measured
weight of spectrophotometric grade isopentane was
injected with a syringe through a valve in the side of the
boiler (see Fig. ). The remaining R123 charge was used
to flush the valve and connecting tubes and also to assist
in mixing the charge. The mass fraction was determined
from the masses of the charged components. The
uncertainty of the composition measurement for plus or
minus three standard deviations was approximately
0.02%, e.g. the range of a 0.5% composition was
between 0.48% and 0.52%.

5. Experimental results

The heat flux was varied from approximately 65 to 2
kW, m- to simulate a rangs of operating conditions for
R123 condensers equipped with enhanced tubes. All
vapor-space condensation tests were taken at 313.15 K
saturated conditions. Nearly no condensate retention
was observed on the surface for all test heat fluxes. The
dimensionless liquid-vapor interfacial shear stress as
defined by Rohsenow et al. [9] was estimated to be less
than 1.4x 1077 for all of the data. Data was taken over
five days for each fluid resulting in 72 and 123 mea-
surements for the mixture and R123, respectively. The
measured heat flux and wall temperature difference for
all of the data of this study are tabulated in Kedzierski
(7).

Figs. 6 and 7 are plots of the measured heat flux (¢")
versus the measured wall temperature difference
(T.—T,) for pure R123 and R123/isopentane (99.5/0.3},
respectively. Each fluid was tested over 5 days at a
saturated vapor temperature of 313.15 K on the vertical
integral-trapezoidal-fin surface. For the most part, one
day’s test covered only a portion of heat fluxes from 60
to 2 kW,m?. The solid line is a cubic best-fit regression
or estimated mean of the data. Table 1 gives the con-
stants for the cubic regression of the wall temperature
difference versus the heat flux for each test fluid. The
residual standard deviation of the regressions — repre-
senting the proximity of the data to the mean — for
pure R123 and the mixture about the mean was 0.025
and 0.05 K, respectively. The dashed lines to either side
of the mean represent the lower and upper 95% simul-
taneous (multiple-use) confidence intervals for the
mean. The expanded uncertainty of the estimated mean
wall temperature difference for pure R123 and the mix-
ture is approximately 0.015 K and 0.04 K, respectively.

Fig. 7 compares the mean of the heat flux versus AT;
for pure R123 to the mean and the data of that for the
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R123/isopentane (99.5/0.5) mixture. The heat flux and
the wall temperature difference for both fluids decrease
as they both approach zero. The R!23 mean is parallel
to the mean for the R123/isopentane (99.5/0.5) mixture.
For a given heat flux, the R123 AT, is approximately
0.1 K less than that of RI123/isopentane (99.5/0.5).

70 ~
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Fig. 6. Measured heat flux versus the measured wall tempera-
ture difference for pure R123.

Fig. 6. Flux thermique mesuré par rapport d la différence de
temperature du paroi mesurée pour le R123 pur.
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Fig. 7. Measured heat flux versus the measured wall tempera-
ture difference for R123/isopentane (99.5,0.5).

Fig. 7. Flux thermique mesuré par rapport a la différence de tem-
pérature du paroi mesurée pour le R123 | isopenitane (99,5 /0.5).

Table |

Consequently, the mixture experiences a heat transfer
degradation as compared to pure R123.

Fig. 8 quantifies the heat transfer degradation of the
mixture relative to pure R123. The figure plots the ratio
of the mixture to the pure R123 heat Alux (q"wiq" ) ver-
sus the pure R123 heat flux ('qg) at the same wall tem-
perature difference. A heat transfer degradation exists
where the heat flux ratio is less than one and where the
95% simultaneous confidence intervals (depicted by the
dotted lines) do not include the value one. As the figure
shows, the R123/isopentane {99.5/0.5) mixture exhibits
approximately a 5%-1.5% degradation for heat fluxes
between 20 kW/m?” and 65 kW/m-". A sharp 5% to 10%
loss in heat flux occurs from 20 kW/m® to 10 kW,m?".
For 99.5% confidence, the relative boiling performance
of the 99.5,0.5 mixture and pure R123 for heat fluxes
less than 10 kW/m? is indeterminate. Overall, the R123;
isopentane (99.5/0.5) mixture exhibited a 4% heat
transfer degradation from 10 kW:m? to 63 kW m-". The
relatively small heat transfer degradation illustrates that
the addition of 0.5% mass isopentane to RI23 may
improve cycle performance because, as shown by Ked-
zierski, the evaporator performance improves by 10%
overall with the addition of 0.5% mass isopentane.

It is likely that the RI123;isopentane mixture will

-~

exhibit less condensate retention than pure R123 on a

1.
Trapezoidal-fin, R123/Isopentane (99.5/0.5),
condensation, T, = 313.15 K, Fixed AT,
descending q"

m

©
O T T YT T T e T T T

—— 0.95
0.9
mmi 95%
0.8% confidence
: interval
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Fig. 8. Relative heat flux between R123;isopentane (99.5/0.5)
and pure R123.

Fig. 8. Flux thermique rélatif entre le R123 | isopentane (99,5 /0,5)
et le RI23 pur.

Constants for cubic condensation fits for integral-trapezoidal-fin AT, = By + B,¢" + B:g"* + By¢"*.AT, in Kelvins and ¢” in W/m?

Tableau 1

Constantes pour la condensation volumique de ['ailette trapézoidale AT,=By+ B,g '+ B-q *+ Bsg ", AT, en Kelvinet g en Wim’

Fluid By

B| Ba B3

e

R123/isopentane (99.5/0.5) 0.12 K< AT, <6.2K
R123 0.10K AT, <6.0K

0.0566349
~0.0758275

—6.87274x1071°

1.13360x 10-°
—4.65887x1071

9.19939x 10-'°

5.69407x 103
6.17103x 103
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Fig. 9. Condensation heat transfer coefficient for RI123 and
R123/isopentane (99.5,0.5).

Fig. 9. Coefficient de transfert de chaleur lors de la condensation
pour le R123 et le mélange RI23 . isopentane (995 0,3).

horizontal integral-finned tube. This is because the
additive is expected to cause a reduction in either the
solid-liquid or the liquid-vapor surface-tension
depending on whether it accumulates on the solid sur-
face or the lquid-vapor interface. respectivelv. For
example, if the liquid~vapor surface tension of iso-
pentane is less than that of R123. then the excess layer
forms at the liquid-vapor interface of the mixture caus-
ing a reduction its liquid-vapor surface tension. Pre-
sently. it cannot be determined which surface tension is
reduced because the difference between the predicted
surface tensions of R123 (0.0134 N /m) and that of iso-
pentane (0.0127 N/m) is less than the uncertainty of the
prediction. Consequently, the isopentane may accumu-
late at the liquid-vapor interface or at the solid-liquid
interface depending on the true relative magnitude of
the surface tensions for the two fluids. In either case. the
reduction in a surface tension will cause a reduction in
the amount of liquid hold-up on the tube.

Consequently. it is likely that isopentane may benefit
the cvcle performance of R123 systems with horizontal
integral-fin tubes by exhibiting less condensate retention.

Fig. 9 shows the traditional log-log plot of the mea-
sured heat transfer coefficient versus the measured wall
temperature difference. The heat transfer coefficient was
calculated from:

2

q
= — 5
) AT, (5)

where the surface efficiency (n) was calculated from the
fin efficiency (n;) and a surface area ratio as;

A - A

=l-(l-p) = 2437 1 —

n=1=( "‘)Ao 0.8152+3.718 x 10 q< ;
~3618 x 107"g"

(6)

The fin efficiency was calculated using the rectan-
gular, insulted fin-tip solution given by Holman [9]. Eq.
(6) also gives the correlation of the surface efficiency
that was obtained from the data. The surface efficiency
varied from 0.82 at 2 kW,;m? to 0.91 at 60 kW 'm". The
correlation of the fin efficiency can be used with the
correlation for the heat flux given in Table | to obtain
mean values for the heat transfer coefficient.

Fig. 9 shows that the heat transfer coefficient increa-
ses with decreasing AT, due to decreasing condensate
film thickness with decreasing AT,. As expected, most
of the heat transfer coefficients for the R123/isopentane
mixture are less than that of pure R123. The heat
transfer coefficients for R123/isopentane (99.5/0.5) for
AT, <1 are significantly less than that of pure R123.
This AT, region corresponds to the indeterminate
region of the ¢”./¢", plot where the uncertainties were
very large. Consequentiy, it is believed that the uncer-
tainties of these three R123/isopentane (99.5/0.5) data
points are significantly large that the data should be
ignored.

6. Degredation mechanism

The heat transfer degradation shown in Fig. 8 is pri-
marily caused by the zeotropic behavior of the R123/
isopentane (99.5/0.5) mixture. For example. only 2% of
the degradation can be attributed to the difference
between the fluid properties of the mixture and the pure
component. That is to say, a 0.1% degradation was
predicted with the Nusselt analysis when only the ther-
modynamic and transport properties of each fluid were
considered. Accordingly, the following is a discussion of
the zeotropic behavior of the mixture and its con-
sequences on the condensation heat transfer.

One way to illustrate the zeotropic behavior of a
mixture is with the equilibrium phase diagram. The
phase diagram is a plot of the saturated vapor and the
saturated liquid temperatures (7,) versus the mass frac-
tion of the more volatile component (). The saturated
vapor temperature and the saturated liquid tempera-
tures of the mixture are the dew point line and the bub-
ble point line, respectively.

Fig. 10 shows the equilibrium phase diagram for the
R123/isopentane (99.5/0.5) mixture at a fixed pressure
of 155.42 kPa for two different interaction parameters
(f): /=0.038 and f=0.048 represented by the solid and
broken line, respectively. The equilibrium diagrams were
obtained from the Carnahan-Starling-DeSantis (CSD)
equation of state, which was modified by Morrison and
McLinden [11]. The interaction parameter accounts for
the non-ideal equilibrium behavior of the mixture.
McLinden [12] recommended an interaction parameter
of 0.038 for the R123/isopentane mixture. The f=0.038
was preliminarily verified with saturated R123/isopentane
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(99.5,0.5) temperature and pressure data from the con-
densing apparatus. Namely. the measured pressure and
the pressure predicted from the CSD equation of state
with f=0.038 differed by approximately 0.4 kPa. The
sensitivity of the CSD model predictions to the interac-
tion coefficlent was investigated with an interaction
parameter of 0.048. For example, the azeotropic tem-
perature for the CSD model with /=0.048 is approxi-
mately | K lower than that for the CSD model with
/=0.038. Also, the difference between the measured and
predicted pressures increased to approximately 0.65 kPa
when an interaction parameter of 0.048 was used.
However, even though the uncertainty of the pressure
measurement was 0.14 kPa, it cannot be stated with
much confidence that 0.038 is a more accurate interac-
tion parameter than that of 0.048. The reason for this is
that the equilibrium data that was used to verify the
mnteraction parameter was only for one composition at a
single state point and that the interaction parameter was
predicted by theory. In other words, it is reasonable to
assume that the uncertainty of the interaction parameter
may be large enough to include 0.038 and 0.048 as
plausible f's.

Although the entire equilibrium diagram is given.
only the circled region shown in Fig. 10 is relevant for
this study. Consequently. Fig. 11 focuses on the 0.975 to
1.0 mass fraction range of the R123.isopentane equili-
brium diagram for f=0.038. Fig. 11 identifies pertinent
state points with filled circles. For example. the charged
mass fraction of the liquid (0.993) is the composition if
the entire mass of the charge were condensed to liquid.
The liquid composition in the boiler differs from that of
the charged composition because the vapor occupies
most of the volume of the test apparatus giving an
effective equilibrium quality in the test apparatus of
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Fig. 10. Equilibrium phase diagram for R123/isopentane at
155.42 kPa.

Fig. 10. Diagramme de l'équilibre de phase pour le mélange
RI123 [ isopentane a 15542 kPa.

approximately 20%%. As a result, the liquid mass fraction
in the boiler shifts to 0.996 while the vapor mass frac-
tion in the test chamber shifts to 0.993 at the test tem-
perature of 313.15 K. It the vapor in the test chamber
couid be completely condensed, the temperature and the
mass fraction of the liquid would be 313.05 K and
0.993, respectively. The temperature difference between
the saturated vapor (313.15 K) and the saturated liquid
(313.05 K) in the test chamber represents the range of
possible values for the liquid-vapor interface tempera-
ture of the condensing film. The range of possible tem-
peratures is also referred to as the temperature glide.

Fig. 12 shows a cross-section of a condensing liquid
fitm on a vertical plate with a liquid-vapor interface
temperature of 7,. Of all the parameters used to model
the condensation of mixtures, the 7, is one of the most
important but yet the most illusive modeling parameter.
As stated by Colburn and Drew {13] and Sparrow and
Marschall [14], the condensation process of both the
mixture and the pure component is governed by the
magnitude of 7;. Modeling the condensation process of
a pure fluid is relatively simple because the liquid vapor
interface temperature is nearly equal to that of the satu-
rated vapor (7). For a mixture. modeling is much more
difficult because T, is determined by the magnitude of the
vapor concentration gradient adjacent to the liquid film.
As a result. the liquid—-vapor interface temperature is less
than T, at some unknown temperature between the dew
point and the bubble point temperatures.

For the R123 isopentane (99.5/0.5) mixture. Fig. 11
shows the liquid—vapor interface temperature can be as
much as 0.1 K less than the saturated vapor temperature.

i
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Fig. 1. Focused mass fraction range of the R123/isopentane
equilibrium diagram for f=0.038.

Fig. ll. Eventail de la fraction de masse pour le diagramme
d'équilibre du mélange R123 | isopentane pour f = 0,038.
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Fig. 12. Cross-section of a condensing liquid film on a vertical
plate.

Fig. 12. Film liquide lors de la condensation sur une plaque ver-
ticale (coupe ).

This implies that the temperature difference between the
saturated vapor and the wall for the mixture (A T;;,) can
be as much as 0.1 K greater than that for the pure flwmid
(AT, for the same heat flux. However. unlike the pure
fluid, not all of ATy, is available for phase change. The
additional temperature drop from the vapor to the liquid—
vapor interface (7,—T;) is essentially lost to sensible cool-
ing. The loss of temperature difference can be indirectly
measured from the difference between the AT,’s of the
mixture and pure g” versus AT, relationships for fixed
heat flux as shown in Fig. 13. This is true if it is assumed,
as stated by Colburn and Drew [13], that the temperature
drop across the liquid film governs the condensation pro-
cess. Here, the ¢" versus AT, for pure R123 correctly
represents the magnitude of the heat flux through the
condensing film for a given temperature drop across the
liquid film and for given fluid properties. Recall that the
fluid properties governing the heat transfer of the mixture
and pure R123 are nearly the same, resulting in only a
0.1% difference in the heat flux.

Fig. 13 plots the difference in the wall temperature
differences for the mixture and pure R123 (AT~AT,)
versus the heat flux. The AT, — ATy, which is equivalent
to T.—T,, varies between approximately 0.14 and 0.8 K
with an average value of 0.12 K. Two broken lines show
the temperature glide of 0.1 and 0.18 K as predicted by
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Fig. 13. Difference in the driving temperature differences
between R123/isopentane and pure R123.

Fig. 13. Variation des différences de température entre le mélange
R123 | isopentane et le R123 pur.

the CSD equation of state using 0.038 and 0.048 as
interaction coefficients, respectively. The 95% con-
fidence interval for AT, ~AT,, which is depicted by the
shaded region, encompasses the predicted temperature
glides for most heat fluxes. This illustrates that it would
be consistent with an equation of state, given the
uncertainty in the interaction coefficient and the uncer-
tainty in the heat transfer measurements, for the value
of liquid-vapor interface temperature of the R123/iso-
pentane (99.5/0.5) film to be such that it would be
responsible for the entire heat transfer degradation.
Consequently, all of the heat transfer degradation asso-
ciated with the R123/isopentane mixture can be attrib-
uted to a loss of driving temperature difference (7,—T7).

7. Conclusions

Vapor-space condensation heat transfer data for pure
R123 and an R123/isopentane mixture were measured
to examine the effect of the addition of 0.5% mass iso-
pentane to R123 on the heat transfer performance. The
condensation performance of R123 on an integral-tra-
pezoidal-fin surface was degraded as much as 10% by
adding 0.5% mass isopentane. Overall, the R123/iso-
pentane (99.5/0.5) mixture exhibited a 4% heat transfer
degradation from 10 to 65 kW/m? The condensation
degradation mechanism is presumably due to a loss of
available driving temperature difference due to the mass
transfer resistance in the vapor phase. Given that it was
shown in a previous study that the boiling performance
was enhanced on average by 10% with the addition of
0.5% mass isopentane, isopentane may still be a viable
means of improving the cycle performance of R123
despite the 4% condensation heat transfer degradation.
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