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Abstract

This paper outlines the framework of a semi-theoretical model for predicting the pool boiling heat transfer of
refrigerant/lubricant mixtures on a roughened. horizontal. flat pool-boiling surface. The predictive model is based on
the mechanisms involved in the formation of the lubricant excess layer that cxists on the heat transfer surface. The
lubricant accumulates on the surface in excess of the bulk concentration via preferential cvaporation of the refrigerant
from the bulk refrigerant/lubricant mixture. As a result. excess lubricant resides in a thin layer on the surface and
influences the boiling performance, giving either an cnhancement or degradation in heat transfer. A dimensionless
excess layer parameter and a thermal boundary layer constant were derived and fitted to dats in an attempt to gen-
cralize the model to other refrigerant/lubricant mixtures. The model inputs include transport and thermodynamic
refrigerant properties and the lubricant composition, viscosity, and critical solution temperaturc with the refrigerant.
The model predicts the boiling heat transfer coefficient of three different mixtures of R123 and lubricant to within
+10%. Comparisons of heat transfer predictions to measurements for 13 different refrigerant/lubricant mixtures were
made, including two different refrigerants and three different lubricants.
€ 2003 Elsevier Science Ltd and IIR. All rights reserved.
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Un modele semi-théorique de calcul des coefficients de
transfert de chaleur en cas d’ébullition de mélange
frigorigéne/lubrifiant
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1. Introduction was one of the first researchers to note that a lubricant-

rich layer exists near the tube wall. The excess concen-

The addition of lubricant to refrigerant can sig-
nificantly alter the boiling performance due to lubricant
accumulation at the heat transfer surface. Stephan [1]

* Tel.: +1-301-975-5282: fax: +1-301-975-8973.
F-mail address: mark kedzierskia mist.gov  (M.A. Ked-
zierski).

tration (excess surface density) arises from the low
vapor pressure of the lubricant relative to the reflriger-
ant. The lubricant can be locally drawn out of solution
as a consequence of refrigerant evaporation at the heat
transfer surface. The refrigerant/lubricant liquid mixture
travels to the heated wall. and the refrigerant pre-
ferentially evaporates from the surface leaving behind a
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Nomenclature

Svymbols

gy latent heat of vaporization. kJ kg ;

N heat transfer coeflicient of refrigerant
lubricant mixture, Wm-" K

k thermal conductivity, W/m K

/o thickness of excess layer. m ‘

l, thickness of adiabatic/van der Waals
exeess layer. m

M mass, kg

q’ average wall heat flux. W:m?

2N bubble departure radius, m

T temperature, K

T. refrigerant/Tubricant critical solution 1
temperature (lower limit). K

T. temperature at excess layer:bulk fluid
interface. K

T, temperaturc at roughened surface. K

X mass fraction of lubricant

Greek svmbols

r excess surface density, kg/m?”

AT, wall superheat: 7T,,—T,. K

ATy temperature drop across excess layer, K

s fraction of excess layer removed per bub-

: ble

0 dimensionless thermal boundary layer
temperature profile

A thermal boundary constant

0 mass density of liquid. kg/m?*

o liquid-vapor surface tension, kg/s”

v viscosity, m>/s

Subscripts

b bulk

L lubricant

m measured, mixture

p pure refrigerant

r refrigerant liquid

rv refrigerant vapor

S saturated state of mixture

Superscripts

- average

liquid phase enriched in lubricant. A balance between
deposition and removal of the lubricant establishes the
thickness of the excess lubricant at the surface. It is
hypothesized that the lubricant excess layer controls the
bubble size, the site density and. in turn, the magnitude
of the heat transfer.

Kedzierski [2] developed a fMluorescence measurcment
technique to verity the existence of the lubricant excess
layer at the wall during pool boiling. The fluorescent
properties of the lubricant were used to measure the
mass of lubricant on a pool-boiling surface. The study
indicated that the excess layer was nearly pure lubricant
with a thickness ranging from 0.04 mm to 0.06 mm
depending on the heat flux. The fluorescence measure-
ment technique was later applied to two more mixtures
of R123 and a 63.8 um?/s (63.8 ¢St at 313 K) naphthenic
mincral oil, York-C™ ! {3]. The excess surface density
(I') measurements were used as a basis for a pool-boiling
model present in Kedzierski [3]. The present study
expands the physics and applicability of the previous
model by including a dimensionless excess layer para-
meter and a fitted thermal boundary layer constant
which is determined by lubricant properties.

Prediction methods for refrigerant/lubricant pool
boiling typically rely on bulk mixture properties in
parameters common to pure component models to cap-
ture the lubricant property effects. For example, Chon-
grungreong and Sauer [4] based their correlation on
selected parameters from cxisting single component
pool boiling correlations and used mixture properties
where appropriate and also included the use of the
lubricant volume fraction. Jensen and Jackman [3]
included the effects of lubricant concentration more
directly with the calculation of an effective oil concen-
tration; however, the effect of lubricant viscosity was
indirectly modeled via bulk properties. Mohrlok [6]
moditied the leading coeflicient of the Chongrungreong
and Sauer [4] correlation to better reproduce the effect
of concentration. Although Mohrlok et al. [6] discuss
the importance of miscibility, none of the above predic-
tion methods attempt to model its effect. Consequently,
the purpose of this paper is to build a model for refrig-
crant/lubricant pool boiling that captures the effects of
lubricant propertics (viscosity, miscibility, and concen-
tration) more directly than through the use of mixture
properties in traditionally pure component parameters.

2. Refrigerant/lubricant model
2.1. Background

The pool-boiling model presented here is valid only
for mixtures of refrigerants and lubricants because both

* Certain trade names and company products are mentioned
n the text or identified in an illustration in order to adequately
specily the experimental procedure and equipment used. In no
case does such an identification imply recommendation or
cndorsement by the National Institute of Standards and Tech-
nology. nor does it imply that the products are necessarily the
best available for the purpose.
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the underlying physics and the supporting data for the
modecl rely on the existence of a lubricant excess layer.
Neither a lubricant excess layer nor lubricant mass
continuity exists nor make sense for a refrigerant with-
out lubricant. Considering that the key clements of the
present model are the lubricant excess layer and a mass
balance on the lubricant, the model cannot be expected
to be valid for pure refrigerants,

The excess surface density (I') represents the mass of
lubricant per unit surface arca within the layer (/) al the
wall that is in excess of the lubricant mass that would
have been within the layer /. had the excess layer not
existed. There is strong evidence to suggest that the
excess layer is ncarly pure lubricant [2]. For this sit-
uation, 1" is defined as:

I'= lc(pl. - pl\»\‘h) (l)

where /. is the thickness of the cxcess layer, vy, is the
bulk lubricant mass fraction, and p, and p; are the
densities of the refrigerant liquid mixturc at the bulk
composition and the liquid lubricant, respectively. Note
that for a dilute solution of lubricant. I' may be thought
of as simply the mass of lubricant per unit surface area.

2.2. Existing model

Fig. 1 shows a schematic of three bubbles on a heated
wall in a pool of liquid with corresponding thermal
boundary layer temperature profiles and lubricant
excess layer thickness. Each bubble is shown to reside in
a different refrigerant/lubricant liquid mixture with a
wall heat flux of approximately 39 kW/m?>. As shown in
the figure, an increase in the bulk lubricant mass frac-
tion causes the average departure bubble diameter to
become smaller.

The average departure bubble diameters for the three-
refrigerant/lubricant mixtures shown in Fig. 1 were cal-
culated with excess surface density measurements as
input to a model presented in Kedzierski [3] and descri-
bed here. The cxcess surface density, and thus, the
lubricant excess layer were measured in the same study
with a spectrofluorometer that was specially adapted for
use with a bifurcated optical bundle so that fluorescence
measurements could be made perpendicular to the hor-
1izontal-flat-roughened-copper pool boiling heat transfer
surface. The mixture boiling heat transfer measurements
were simultancously taken with the fluorescence mea-
surcments. The (luorescence measurements provided the
means for the direct measure of lubricant mass on the
boiling surface, i.e., I'.

The hypothesis for the heat transfer model
mechanism is that ncarly purc lubricant resides on
the heat transfer surface within the thickness /.. The
lubricant excess layer is formed on the wall by pre-
ferential evaporation of the refrigerant. The model
assumes that all of the lubricant carried to the wall by the
bulk liquid/lubricant mixture is deposited on the wall while
the entire refrigerant leaves the wall as refrigerant vapor.
For a spherical bubble of radius ry,, the mass of refrigerant
vapor (M) leaving the wall in a single bubble is:

4,
M. = 5”"5/7/'\' 2)
where p,, is the density of the refrigerant vapor.

The mass lubricant (M) deposited on the surface duc
to the evaporation of the refrigerant for a single bubble
can be calculated from Eq. (2) and the definition of the
lubricant mass fraction (xy, =

4 Xh

M, =— - v T
I 377'1,,0n (l _.\'h)

ML e
Wi, ) ast

3)

- refrigerant vapor -

’\_/—\/\/\_/\/\_/\A_/\_/W

~ liquid refrigerant-lubricant mixture -

lubricant removed
from wall

{le=lz=25A

approximate exponential temperature
beyond fubricant fayer

approximate lincar temperature

fubricant excess
layers
shaded in gray. eg.

profile in jubricant layer

b = 0.005

Yo =0.01

Yh = 0.018

Fig. 1. Schematic of the average departure bubble for three R123/lubricant mixtures with corresponding excess layers [3].
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The lubricant removal mechanism is assumed to be
dominated by a mass transfer or a lifting of lubricant
from the wall by the bubble. This mechanism differs
from that proposed by Jensen and Jackman [5] and
Mitrovic [7] where the lubricant excess layer surrounds
the entire bubble and was form by preferential eva-
poration of the refrigerant at the bubble liquid—vapor
interface. The present model presumes that diffusion is
of sccondary importance because of the question of
whether or not there is suflicient time for diffusion to
establish an excess layer at the bubble liquid-vapor
interface. Rather. the bubble lifts the existing lubricant
excess layer from the wall by boiling through the
lubricant. The thickness of the lubricant that is
removed is limited by that which Van der Waals forces
may hold to the bubble. Thus. the thickness is inde-
pendent of the bulk lubricant mass fraction. Typically
the thickness of an adiabatic or a Van der Waals cxcess
layer (/,) is approximately 2 monolayers thick [8], which
is approximately 25 A for lubricants [9]. This value is
essentially invariant with temperature and pressure [10].

As illustrated in Fig. 1 for the x,=0.005 bubble, the
removed lubricant resides in the vicinity of the top of
the bubble in the thickness of an adiabatic excess layer
(/,) and represents a fraction () of the excess layer
thickness (/.). The mass of the lubricant “cap™ on the
bubble (M) may be approximated as a disk with a
radius equal to the departure bubble radius (r,) and
thickness equal to /;:

M, = m‘lﬁ;leu = m‘i,oL(/C (4)

where pp is the density of the liquid lubricant.

Writing a mass balance between lubricant deposition
and removal [setting Egs. (3) and (4) equal] and rear-
ranging to solve for the refrigerant bubble radius yields:

_05¢hpr (1= x) _ 1875 Api(l = xp)

XbPry b Ory

(5)

A

where 25 A was substituted for ¢/, per the preceding
discussion and note that Eq. (5) is valid for x,> 0.

In addition to lubricant continuity, the temperature
profile of the thermal boundary layer (see Fig. 1) is a
key element in the boiling modcl. The thermal boundary
layer was approximated with two different functions
similar to the approach for modeling the turbulent sin-
gle-phase flow thermal boundary layer [11], which
represents the viscous sublayer, the bufler layer. and the
inertial sublayer with three different cquations. By ana-
logy to the turbulent flow boundary layer a linear tem-
perature profile is assumed for the excess layer, while an
exponential temperature profile approximates the tem-
peraturc ficld beyond the excess layer. A lincar tem-
perature profile at the wall is appropriate given the
relatively thin lubricant excess layer. The dimensionless

form of the temperature profile valid beyond the excess
layer (6) is given as:

- T-T oy

f=——=¢Him (6)

T\\ - T~

where 7 is the local temperature of the fluid, vy is a
coordinate direction measured perpendicularly from the
wall, and /4 is a constant that is obtained for each mix-
ture from a fit of the measured pool boiling curve as
described in the following.

Fourier’s law gives the heat flux normal to the heated
surface (¢") for a lincar temperature gradient valid in the
excess layer as:
" /(LAnc

I (7

q
where A;_is the thermal conductivity of the lubricant,
and AT, is the temperaturc drop across the lubricant
excess layer (Ty—T0).

Eq. (6) is used to calculate the temperature at the
excess layer/bulk fluid interface (7). The T, is, in turn,
uscd to solve for AT).. The expression for AT, is sub-
stituted into Eq. (7) and rearranged to obtain the wall
superheat (AT,) vahd for x,>0:

. B gl
AT. =1, -T,.=——————

k(1 —e=/m)
B J'T

k(1 = e=/m) (o1, — ppaxy)

(8)

where Eq. (1) was used to express AT, in terms of I'.
Fig. 2 shows measured excess surface densities for
each of the R123/York-C™ mixtures as a function of
heat flux taken from Kedzierski [3].2 The I' measure-
ments along with the AT, and ¢” data were used as
input to Eq. (8) and was rearranged (o solve for the
constant / which was essentially invariant for a fixed
bulk lubricant mass fraction. The value of the fitted
constant 4 was 1.74, 1.09, and 0.57 for the 0.005 mass
fraction lubricant mixture [(99.5/0.5) mixture], the 0.010
mass fraction lubricant mixture {(99/1.0) mixture], and
the 0.018 mass fraction lubricant mixture [(98.2/1.8)
mixture], respectively. The mean absolute difference
between the post-predicted and measured mean wall
superhcat was 0.46 K, 0.07 K, and 0.22 K for the (99.5/
0.5). (99/1.0), and (98.2/1.8) mixtures, respectively. This
comparison was made for the heat flux range for which
excess surface density measurements were available,

2.3. Modified model

Two modifications were made to the above-outlined
model in an effort to predict or gencralize £ based on

= All confidence intervals arc on the mean of the regression
and not the individual measurements.
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Fig. 2. Lubricant excess surface density for three R123/York-C"™ mixtures as a function of heat flux [3].

refrigerant and lubricant properties such as viscosity,
miscibility, and composition. The first modification was
to collapse the excess surface density measurements
shown in Fig. 2 into a single linc. To facilitate this, the
following expression for I was derived:

_ 8(pL = prxp)xy Tyo

= AL 9
381 — xp)oLh, AT, @

where o and hy, are the liquid- vapor surface tension and
the latent heat of the refrigerant, respectively.,

Eq. (9) was obtained by eliminating the bubble radius
between Eq. (5) and the Clausius—Clapeyron-Laplace
expression [12] for the required superheat for a hetero-
geneous bubble in a uniform temperature field and solving
for /.. Eq. (1) was used to express /. in terms of [ Strictly
speaking, Eq. (9) is valid for only a uniform temperature
field. However, the sole use of Eq. (9) is to determine a
regression parameter for I'. Following this reasoning, it is
hypothesized that the parameter group of Eq. (9), exclud-
ing the 8/3¢, sufficiently represents the functional form of T
for the purpose of regressing I" against data.

Fig. 3 shows a statistical regression of the same I
measurements given in Fig. 2 against only the para-
meters given in the right side of Eq. (9). The dashed
lines are the 95% confidence intervals for the mean of a
linear fit of the data, which are approximately +0.01 kg/
m? about the mean. The linear fit gave a non-zero
intercept. A second solid line, which was forced to have
a zero-intercept, is within+0.01 kg/m? of the linear fit
and exhibits a similar uncertainty. By using the sccond
fit, a non-dimensional excess surface density group for
refrigerant/lubricant pool boiling can be expressed as
the following constant:

xp Tio (o= poxp)xpToo
(1 = xh)pL17I'gAT\‘ (11— xh)Pth‘gA .,r
=59x 1077 (10)

where the constant 5.9x1077 is the reciprocal of the
slope of the linear fit of I" versus the abscissa of Fig. 3.
Solving for /. yields:

r xp 1o
A XA

= — 11
AL = ppxp 5.9 x 1077(1 — xp)py g AT, (n

Note that the large scatter of the excess surface den-
sity data does not transfer to the calculation of le—and
in turn the heat transfer predictions—due to the use of
the fitted non-dimensional constant in the predictions.

The second modification to the original lubricant
pool-boiling model was to introduce the influence of
lubricant properties on the heat transfer. Mohriok et al.
[13] and Kedzierski [14] have illustrated the mmportance
of refrigerant/lubricant miscibility and lubricant viscos-
ity on pool boiling heat transfer. Consequently, a
correlation of the effects of lubricant mass fraction,
viscosity (vi) and the lower Critical Solution Tempera-
ture (CST)? on R134a pool boiling on a Turbo-BIT™-
HP surface was integrated in the modified model. The

* Throughout this manuscript reference to the CST implics
the lower CST limit. In addition, the chemistry and freezing
points of lubricants and refrigerants are different cnough for a
CST to always exist for a refrigerant/lubricant mixture [15].
Also, the value of the CST does not depend on whether the
mixture is miscible or non-miscible at the operating tempera-
ture. Consequently. the proposed model is valid for mixtures
that are “miscible”™ and it is valid for mixtures that are “non-
miscible.”
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Fig. 3. Lubricant excess surface density for three R123/lubricant mixtures as a function of non-dimensional excess surface density.

following correlation gives the ratio of the refrigerant/
lubricant heat flux (¢",) to that of the pure relrigerant
(¢"},) for the same superhcat [14]:

i
1

7
(] 1
"

i v — ¥y _
=1.25— xh{()l.‘) - <7 )[0.329
qn Ve
—1A92<T‘ — 7)} - 211(7\ _ T)}
T, T.

where (v; —v,)/v, is the diflerence between the liquid vise-
osity of the lubricant and that of the refrigcrant normal-
ized by the refrigerant viscosity all evaiuated at 313 K, and
(T.—T,)/T, is the difference between the saturated fluid
mixture temperature and the lower critical solution tem-
perature (77) of the refrigerant/lubricant mixture normal-
ized by the mixture saturation temperature (7). The heat
flux ratio was fitted to within+0.1 for 95% confidence for
¢p between approximately 10 kW/m? and 80 kW/m?.
The data used to gencrate Eq. (12) were re-regressed so
that the heat flux range coincided with that for which the
excess surface density measurcments were made for the
R123/lubricant data. The modified correlation is valid
for ¢",, between approximately 25 kW/m? and 45 kW/m?”:

I _ 27 - xh{99.1 - (}{; N ‘i>[0-578
Vp

qp
_2.09<T‘ - T)] - 226(5; 7)}

valid for{x, > 0} and {99.1 — (VL M

(12)

YV

Y T - T.
—2. — — 226 =0
09( T, ﬂ ’( T >}

Fig. 4 plots the mcasurcd heat flux ratio versus that
predicted by Eq. (13) along with 95% confidence inter-
vals for the fit. The original R134a heat transfer data
agree to within +0.1, which is the same agreement that
was obtained with Eq. (12) and this data. Confirming
the similarity between Eqgs. (12) and (13) is the agree-
ment between the prediction of the R123 data using
Eqs. (12) and (13). Open circles represent R123/York-C
heat transfer measurements predicted by Eq. (12), while
closed circles represent the data and predictions for Eq.
(13).

Four different sets of predictions are shown for the
three R123/ York-C mixtures. Predictions made with
Egs. (12) and (13) with a CST of 235 K [(7:—T.)/
T,=0.15] for the R123/lubricant system are circled in
Fig. 4 and lie outside of the confidence intervals for the
correlation. Eqgs. (12) and (13) predictions made with a
CST of 214 K [(T,—T.)/1T,=0.23] fall within in the con-
fidence intervals because the CST was determined from
an optimization of Eq. (13). Two diffcrent CSTs were
used because the CST for RI123/lubricant was not
available. However, Kaimai [16] presents the CST for 10
different paraffinic mineral 0il/R123 systems with visc-
osities (at 313 K) between 56 pm?/s and 68 um?/s. The
average CST was 235 K with maximum of 3 K variation
between mixtures. In addition, ASHRAE [17] provides a
lower CST of 235 K for a R123/68 pm?/s naphthenic
mineral oil system. Consequently, it is highly probable
that R123/York-C™ has a CST of 235 K, but this was
not confirmed by measurement. The 214 K CST was
used in an attempt to compensate for the fact that the
use of Eq. (13) to predict the performance of R123/
naphthenic—mineral-oil mixture pool boiling on a flat
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Fig. 4. Comparison of measured heat flux ratio to that predicted by Eq. (13).

surface is questionable given that Eq. (13) was derived
from R134a/polvolester lubricant pool boiling on an
enhanced surface. Nevertheless, it is hypothesized that
Eq. (13) captures the interaction between lubricant
propertics and composition in a way that produces
trends that arc universally valid but offset from systems
other than R134a/polyolester lubricants and the Turbo-
BII™M._HP surface. In addition. there is less than a 2%
difference in the predicted heat transfer coefficient using
the different CSTs for the R123 data set. In this light, a
CST of 214 K was used to cnsure that Eq. (13) predicts
the R123 data and, in turn, demonstrates the concept of
the modified model. Future work for improving the
model would be to improve the validity of Eq. (13) for
the fluid system in question.

The heat transfer data for the three R123/York-C'™
mixtures and corresponding excess surface densities
which were calculated from Eq. (9) were used to obtain
new values for the thermal boundary layer parameter. /.
The valuc of the fitted constant ;i was 1.76, 0.95. and
0.65 for the (99.5/0.5) mixture. the {(99/1.0) mixture. and
the (98.2/1.8) mixture. respectively. Fig. 5 shows that the
product of the bubble radius and the heat flux ratio is
nearly linear with respect to 4:

2 =027 +r, 10700/m (14)
gy

Given that the thermal boundary layer controls the
heat transfer, it is logical that Eq. (14) is a function of
key heat transfer properties: 1, and the heat flux ratio.
Nevertheless. more work is required to confirm Eq. (14)
given the scant data that was uscd to produce it.

At this point the modifications to the model are
complete. and Egs. (8) and (11) can be simultaneously
solved for the refrigerant/lubricant mixture heat transfer
coefticient (/,,) valid for x> 0:

i
Ty — T,

5.9 % 10771 — xp)pr Iy AT ey (1 — =4/
=2 = (15)
Xy T\(T
where Eqs. (5). (11), and (14) are used to calculate Py Lo
and ~. respectively.

Fig. 6 compares the measured heat transfer coeffi-
cients for the three mixtures at three superheats to the
model given by Eq. (15). The comparison was made for a
fixed saturation temperature of 277.6 K for three differ-
ent lubricant mass fractions of the R123/York-C™
mixtures. The average absolute difference between the
predicted and measured heat transfer coeflicient was
22%. 1.8%. and 5.3% for the AT,= 19K, AT,=17 K,
and A7,= 14 K supcrheats, respectively. Given that the
model physics are based on the existence of an excess
layer, the model is not valid for the pure refrigerant
case.* Thus, rather than plotting the model 1o x,=0, a
dashed-line was used to extrapolate heat transfer coef-
ficients from the 0.001 mass fraction mixture to the
pure RI23 data. The dashed line is only the author’s

hm =

* The pure component heat flux can be caleulated by sub-
stituting the numerical result of ¢”.,, from Eq. (15) into Eq. (13)
{using the same xy,. cte. that was used in Eq. (15) and sotving
for ¢",,.
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Fig. 6. Comparison of R123;York-C'™ pool boiling heat transfer coctlicients of model and experiment.

interpretation of what “should™ happen necar the zero
mass fraction. For lubricant mass fractions greater than
0.001, the model predicts a decrease in the heat transfer
coeflicient. The heat transfer coefficients predictions
become much less dependent on the superheat at the
0.001 mass fraction and are approximately 10% greater
than the pure R123 heat transfer coeflicient measure-
ments. The lubricant cxcess layer thickness approaches
only a few monolayers of thickness as the lubricant
mass fraction approaches 0.001. A thin ¢cxcess layer
enhances heat transfer because the mass of lubricant on
the wall is sufficient to reduce the liquid solid surface

cnergy (similar to a surfactant) while not enough to bur-
den the bubbles with lubricant removal from the wall.
Fig. 7 compares the Eq. (15) predictions to the mea-
sured R123/lubricant plain tube pool boiling data of
Webb and McQuade [18] at T,=277.6 K. The commer-
cial lubricant (Mobil GA-155"™) was a 30.1 pm?/s (30.1
¢St at 313 K) naphthenic mincral oil. The CST for the
R123/GA-155™ combination was estimate to be the
same as that used for the R123/lubricant of the present
study because a measured value was not available from
the manufacturer. Use of the same CST for the Webb
and McQuade [18] mixture is justified becausc the
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Fig. 7. Comparison of R123;GA-155" pool boiling heat transfer predictions to measurements.

refrigerants arc the same and the lubricants arc both
naphthenic mineral oil. Fig. 7 illustrates that the smal-
lest overall difference between the predictions of the
pool boiling heat transfer coefficient and the Webb and
McQuade [18] mcasurements for the entire heat flux
range was achieved for the 5.0% lubricant mass fraction
mixture. For example, the heat transfer coefficient for the
5.0% mixture was overpredicted, and underpredicted by
approximately 25% for a heat llux approximately 4.2
kW/m?, and 52 kW/m>, respectively. In addition. the
Webb and McQuade (1993) measurements and the pre-
dictions for the 5.0% mixture nearly coincide for the 9.8
kW/m> heat flux condition. In contrast. the largest
overprediction (150%) was exhibited for the 0.5%

3000

lubricant mass fraction mixture at approximately 9.8
kW/m->. Considering all the mixtures, improved agree-
ment  between measurements and  predictions  was
apparent for heat fluxes larger than 20 kW/m2. Gen-
crally, the agreement for all the mixtures is with-
in+25% for heat fluxcs larger than 20 kW/m?. Also, it
should be noted that greater variation in the heat trans-
fer coefficient with respect to lubricant concentration
was cxhibited in the Bell et al. [19] data and the Sauer et
al [20] data as compared to the Webb and McQuade [18]
mceasurements.

Fig. 8 compares the Eq. (15) predictions to the mea-
sured R113/lubricant plain tube pool boiling data of
Bell et al. [19] at 7,=320.7 K. The viscosity of the

"""'"I”"""'I"”""'I“"""'I"'"""I""'""I""""'l""""'_
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Fig. 8. Comparison of R113:SC-68"™ pool boiling heat transfer predictions to measurements.
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Fig. 9. R123/lubricant pool boiling heat transter coeflicient predictions for a range of lubricant viscositics.

commercial naphthenic mineral oil (Shell Clavus-68T7)
was 68 pm?/s (68 ¢St at 313 “K). The CST for the Ri13;

SC-68™ combination was estimate to be the average of

three CST’s given in ASHRAE [17] for naphthenic oils
and refrigerants (263 K). The resulting heat transfer
coeflicient predictions are compared to the Bell et al.
[19] data for six different lubricant mass fractions in
Fig. 8. The agrcement between the measured and the
predicted heat transfer coefficient  varies between
approximately 1% to 2% and some maximum difler-
ence for each composition. For cxample, the approx-
imate maximum deviation of the predicted from the
measured heat transfer coeflicient is 12%. 20%. 20%.
10%. 10%, and 40% for the 10%, 7.5%. 5%. 3%. 2%.
and 1% compositions, respectively. In general. the slope
of the predictions and the measurements agree and the
relative diflerence between compositions for the predic-
tions is roughly consistent with the respective relative
difference for the measurements. Similar agreement was
achicved if a CST of 214 K was used in the prediction.

3. Discussion

Fig. 9 shows R123/lubricant pool boiling heat trans-
fer coeflicient predictions using Eq. (15) for three differ-
ent viscosity ratios, (vp—v,)/v, 128, 273, and 402,
which correspond to mixtures of R123 and a 32 pm?/s. a
68 um?js, and a 100 um?/s lubricant, respectively. In
general, a larger viscosity gives a larger pool boiling
heat transfer coeflicient for the fixed (7. —7.)/7, of 0.23.
The largest heat (ransfer coefficients shown in Fig. 9 for
lubricant mass fractions below 0.04 were obtained for
(T.—T.)/T,=—0.6. For this case, the CST was optimized
by setting the quantity within the outermost brackets

that multiplies vy, in Eq. (13) to zero and solving for the
CST that satisfies the viscosity ratio. An approximate
25% increase in the heat transfer coefficient was obtained
at x,=0.01 for the R123/32 um?/s lubricant by decreas-
ing the (T,—T.)/T; (i.e., the lubricant miscibility) from
0.23 to —0.6. This illustrates that the model predicts that
the lubricant viscosity and the lubricant miscibility are
influential in determining the magnitude of the heat
transfer coellicient.

Fig. 10 shows the lubricant viscosity/CST combi-
nation that will give the maximum heat transfer for a
given lubricant mass fraction as predicted by Eq. (13).
Six different refrigerant/lubricant combinations are illu-
strated on the plot for R123 and R134a and a 32 pm?/s,
a 68 um>/s, and a 100 um?/s lubricant. The optimum
heat transfer performance for five of the mixtures pre-
sented is obtained for a (7,—1.)/T, of approximately
0.2. which is in the miscible range. Only the R123 with
the 32 um?/s lubricant mixture requires an immiscible
lubricant to obtain the maximum heat transfer perfor-
mance. The model also predicts that refrigerant/lubri-
cant combinations with a (v; —v,)/v, that is slightly less
than that of the R123/32 wum?®/s lubricant require a
completely miscible lubricant with a (7,—T.)/T greater
than 0.45. These results should only be used to guide the
readers thought process in exploring new refrigerant/
lubricant mixtures considering that Eq. (13) has not
been thoroughly validated for R123 and heat transfer
surfaces other than the Turbo-BIT™™-HP.

In its present state, the modified model should be
cautiously used as a tool for guiding research in the
direction of choosing lubricant properties for optimizing
refrigerant heat transfer for a particular application.
Further work is required for the model to fully capture
the important influence of other controlling parameters



M. A. Kedzierski: International Journal of Refrigeration 26 (2003 ) 337-348 347

1000 A R AR AR AR RARE R AR RARS RERS RERS
900 |- ---optimized eq. 13 -7~ -
800 |- P
700 1ISO 100/R134a | —
600 - Immiscible 1
vty " 4
— 0 r 1SO 68/R134a ]
© 400 | 1SO 100/R123 4
300 | 1SO 68/R123
I Ny ,
200 L “——ISO32RI34 ]
- - ISO 32/R123 | 4
100 — Y -]
0 .;”!...l...I..,I‘..I.ul...lm-

-1 -0.8 -0.6 -0.4 -0.2

0 0.2 0.4 0.6 0.8 1

Fig. 10. Optimized CST versus lubricant viscosity ratio for refrigerant/lubricant pool boiling heat transfer.

including refrigerant saturation pressure as illustrated
by Morhlok [6]. Future improvements in the model
should also be focused on generalizing Eqs. (10) and
(13) to other surfaces and fluids. This requires heat
transfer and lubricant excess surface density measure-
ments for more refrigerant/lubricant mixtures boiling on
various surfaces for various saturation pressures. The
form of Eq. (13) should also be improved. Presently. the
quantity within the outermost brackets that multiplies
Xy must be greater than zero to provide for a decreasing
enhancement with respect to increasing lubricant mass
fraction, which is consistent with current experience. Eq.
(13) also predicts an enhancement ratio that is limited to
1.27 and, in addition, does not correctly predict the pure
refrigerant ratio. Given that few. if any, models attempt
to correlate lubricant effects on pool boiling based on
lubricant properties, the modified model establishes a
valuable framework on which to build these capabilities.

4. Conclusions

The importance of the lubricant excess layer on
refrigerant/lubricant pool boiling has becn illustrated
with the devclopment of a semi-theoretical model for
predicting the pool boiling heat transfer of refrigerant/
lubricant mixtures on a roughened, horizontal flat pool-
boiling surface.

The predictive model is based on the mechanisms
involved in the formation of the lubricant excess layer
that exists on the heat transfer surface. A dimensionless
cxcess layer parameter and a thermal boundary layer
constant were fitted to excess surface density and heat

transfer data in an attempt to generalize the model to
other refrigerant/lubricant mixtures. The model is fitted
to excess surface density and heat transfer measure-
ments. The model relics on three key assumptions: (1)
lubricant is lifted from the excess layer as lubricant caps
on bubbles, (2) the temperature profile in the thermal
boundary layer can be approximated piecewise with a
lincar function within the cxcess layer and an exponen-
tial function beyond, and (3) the excess layer consists of
entirely lubricant.

The model requires transport and thermodynamic
refrigerant properties and the lubricant composition,
viscosity, and critical solution temperature with the
refrigerant as input. The model predicts the boiling heat
transfer coeflicient of threc different mixtures of R123
and lubricant to within #10%. Comparisons of heat
transfer predictions to measurements for other refriger-
ant/lubricant mixtures were also made. All in all, the
model was compared against 13 different refrigerant/
lubricant mixtures. which included two different refrig-
erants and three different lubricants. The pool-boiling
model should only be used to guide the reader’s thought
process in exploring new refrigerant/lubricant mixtures.
Additional heat transfer and lubricant excess surface
density mcasurements for more refrigerant/lubricant
mixtures boiling on various surfaces are required to
extend the validity of the model.

Acknowledgements

This work was funded by NIST. Thanks go o the
lollowing people for their constructive criticism of the



348 M.A. Ked=ierski | International Journal of Refrigeration 26 {2003 ) 337 348

first draft of the manuscript: Dr. W.V. Payne, and Dr.
P.A. Domanski of NIST, and Professor M.S. Kim of
Seoul National University. Mr. J. Judge and Mr. K.
Starner of York International facilitated the acquisition
of the naphthenic mineral oil (York-C™) for use with
R123.

References

[1] Stephan K. Influence of oil on heat transfer of boiling
refrigerant 12 and refrigerant 22. X1 Int Congr of Refrig-
cration 1963:1:369-80.

[2] Kedzierski MA. Usc of fluorescence to measure the lubri-
cant excess surface density during pool boiling. Int J Refrig
25, 1110-1122.

[3] Kedzierski MA. Effect of bulk lubricant concentration on
the excess surface density during R123 pool boiling, Int J
Refrig 25, 1062-1071.

[4] Chongrungreong S. Sauer HIJ. Nucleate boiling perfor-
mance of refrigerants and refrigerant-oil mixtures. J Heat
Transfer 1980;102:701 5.

[5] Jensen MK, Jackman DL. Prediction of nucleate pool
boiling heat transfer coefficients of refrigerant-oil mix-
tures. J Heat Transfer 1984:106:184 90.

[6] Mohrlok K, Spindier K. Hahne E. The influence of a low

viscosity o1l on the pool boiling heat transfer of the

refrigerant R507. In: 3rd Europcan Thermal Science Con-

ference, 2001. p. 785 90.

Mitrovic J. Nucleate boiling of refrigerant-oil mixture:

bubble equilibrium and oil enrichment at the interface of a

growing vapour bubble. Int J Heat Mass Trans 1998:41:

3451-67.

3

8]

[9

10]

[11

[}

(12]

(13]

(14]

[7

[18

[l

Adamson AW. Physical chemistry of surfaces. 2nd ed.
New York: Interscience Publ; 1967 p. 353.

Laesecke A. Private communications. Boulder (CO):
NIST.

Lacsccke A. Private communications. Boulder (CO):
NIST.

Tennckes H, Lumley JL. A first course in turbulence. 8th
printing. MIT; 1982, p. 160.

Hsu YY. Graham RW. Transport processes in boiling and
two-phase systems. Washington: Hemisphere; 1976 p. 6
[chapter 1].

Mohrlok K, Spindier K. Hahne E. Pool boiling heat
transfer of R134a-oil mixturc on a smooth tube and an
enhanced tube. Int J Refrig 2000;24(1):25 40.

Kedzierski MA. The Effect of lubricant concentration,
miscibility and viscosity on R134a pool boiling. Int
J Refrig 2001¢;24(4):348 66.

Randles S. Private communications. Middlesbrough Cle-
veland (UK): ICT Unigema Lubricants; 2001.

Kaimai T. Refrigerating oils for alternative refrigerants.
In: Proceedings of thc ASHRAE-Purdue CFC Con-
ference, West Lafayette, 1990. p. 190 5.

ASHRAE. ASHRAE handbook. refrigeration. Atlanta:
ASHRAE; 1998 p. 7.13 [chapter 7].

Webb RL, McQuade WF. Pool boiling of R-11 and R-123
oil-refrigerant mixtures on plain and cnhanced tube geo-
metries. ASHRAE Trans 1993:99(Part 1):1225 36.

Bell KI. Hewitt GF, Morris SD. Nucleate pool boiling of
refrigerant/oil mixtures. Experimental Heat Transfer 1987;
1:71-86.

Sauer HIJ, Gibson RK, Chongrungreong S. Influence of
oil on the nucleate boiling of refrigerants. Proceedings
from the 6th International Heat Transfer Conference,
Toronto 1978;1:181-6.



