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ABSTRACT

This paper presents a pressure drop correlation for evaporation and condensation in smooth
and micro-fin tubes for lubricant-free refrigerants and refrigerant/lubricant mixtures. The form of
the generalized correlation was taken from the Pierre pressure drop model. NIST micro-fin tube
pressure drop data for R134a, R22, R125, R32, R407C, R410A, and R32/R134a (25175 % mass)
were regressed to a modified Pierre correlation. The NIST database was post-predicted with an
average absolute residual of 10.8 %. Further validations performed with extensive data from the
literature for lubricant-free refhgerants in smooth and micro-fin tubes showed an average absolute
residual between measurements and predictions not to exceed 17.6 % for the various data sets.
The condensation and evaporation pressure drops for different refrigerantllubricant mixtures were
predicted with average absolute residuals not exceeding 19.6 % and 28.0 %, respectively.

1. INTRODUCTION

One of the early refngerant-dedicated pressure drop correlations was formulated by Pierre
(1964) and was based on his convective evaporation experiments with R12 and R22. Several
important advances in the prediction of the two-phase pressure drop for refhgerants have been
made since 1964 including applicability to smooth and enhanced tubes and prediction for different
refrigerants, including mixtures of refrigerants and mixtures of refrigerants and lubricants. Signal
et al. (1983) used the Martinelli-Nelson (1948) approach to develop a correlation to predict the
pressure drop during convective evaporation of R12 and four different mixtures of R13 and R12.
The maximum deviation between the model predictions and the measured pressure drops was
within £ 30 %. Jung and Radermacher (1989) measured the pressure drop during horizontal
convective evaporation of R22, R114, R12, and R152a, and several mixtures of these refrigerants.
They proposed a model based on the principle of thermodynamic corresponding states, which
correlated the measured pressure drops to an average absolute residual of 8.4 %. Tichy et al.
(1986) presented an experimental investigation of pressure drop in forced-convection evaporation
and condensation of R12/lubricant mixtures. For condensation, they modified the Lockhart-
Martinelli (1949) relations for frictional pressure drop and a homogeneous void fraction model.
For evaporation, the authors modified the frictional pressure drop correlation by
Dukler et al. (1964) and the homogeneous void fraction model. Overall, the evaporation and
condensation models predicted 85 % of the data to within + 35 %. Tichy et al. (1986) reported that

IIF — 1IR = Commission B1 — Paderbom, Germany —2001/5



the effect of lubricant on the pressure drop was significantly more pronounced for evaporation than
for condensation. Fukushima and Kudou (1990) and Eckels and Pate (1991) found that
R134a/lubricant mixtures exhibited a greater evaporation and condensation pressure drop than pure
R134a. Torikoshi and Kawabata (1992) confirmed the increase in evaporation pressure drop with
the addition of lubricant; however, they found that lubricant had no significant effect on the
condensation pressure drop.

This paper describes the development and validation of a generalized pressure drop
correlation for refrigerants and refrigerantllubricant mixtures in smooth and micro-fin tubes.
Initial model development began with an evaluation of existing correlations by comparing their
predictions with evaporation and condensation pressure drop data obtained at NIST in a micro-fin
tube. The model that gave the best predictions of the NIST data, the Pierre correlation, was
selected as a basis for a new correlation development. The new correlation was verified with three
extensive data pools from the literature that included refrigerantllubricant mixtures. All refrigerant
properties were obtained using REFPROP (Huber et al. 1996).

2. EVALUATION OF EXISTING CORRELATIONS
A total of 831 data points originating from the NIST test apparatus were analyzed in the
present study: 626 points for evaporation (Kaul et al., 1996) and 205 for condensation (Kedzierski

and Goncalves, 1999). For brevity, these two sets of data are later referred to as the “NIST
database”. The test section in both studies was a copper micro-fin tube with the outside diameter

D, = 9.52 mm, root diameter O = 8.92 mm, and helix angle # = 18° (Choi et al. 1999). Figure 1
illustrates some of the various fin parameters. Using the
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homogeneous flow models and two separated flow
models for pressure drop predictions. Homogenous flow
models, also known as ‘the friction factor’ or ‘fog flow’
models, consider the two phases to flow as a single phase
possessing mean fluid properties. Separated flow models
consider the phases to be separated in a liquid and vapor
streams. Since the models we considered were developed
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The homogenous model proposed by Pierre (1964) for predicting evaporation pressure drop has
the following form:
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The two-phase friction factor for pure refrigerant, valid for Refo/Kf> 1, is based on experiments
with R12 in horizontal, smooth tubes with diameters of 12mm and 18 mm. It is expressed in terms
of Ref, and Kr; f3p =0.0185 (K /Re. )*? where Re;, is the all liquid Reynolds number calculated
as if the entire flow were liquid, and K is the Pierre boiling number defined as Ky =(Athg)/(Lg).
Overall, the Pierre correlation predicted the NIST database with an average absolute residual of
15.8 %. However, a few of the low pressure drop data were underpredicted by 50 % to 60 %.

The homogeneous model given by Collier and Thome (1994) for predicting frictional
pressure drop has the following form:

5 ~1/4
Ay {M}[H;(zfgﬂ[u{@g_u @
D Vs Ky

In this model, the two-phase friction factor is calculated as/z = 0.079/ Ren”?. Overall, the model
underpredicted the data on average by 31.4 % for all pressure drop ranges.

The separated flow pressure drop models examined in this study provided poorer predictions
than the homogeneous models. The model based on the Lockhart and Martinelli (1949) approach
overpredicted on average by 31.1 %. Overpredictions of over 100 Yo were evident for the small
pressure drop range. Averaged over all pressure ranges and refrigerants, the pressure drop model
by Jung and Radermacher (1989) overpredicted the NIST database by 57.3 % (Choi et al. 1999).

3. NEW CORRELATION FOR PRESSURE DROP

3.1 Lubricant-free Refrigerants

The Pierre correlation (Pierre 1964) was selected for further analysis because its predictions
were in the best agreement with the NIST database. It was altered in two ways according to the
modifications applied by Kedzierski and Goncalves (1999) for micro-fin condensation pressure
drop data. First, the specific volume of liquid was included in the calculation of the average
specific volume of the two-phase fluid. (Pierre neglected the specific volume of liquid). Second,
the two-phase friction factor, /, was correlated to the NIST database. As before, we used the
micro-fin tube hydraulic diameter, as defined in Equation (1) in lieu of the inner diameter for a
smooth tube. The modified correlation has the form:

&)

f Lv, + v.)
AP = Aj)frit‘lion + A})nrcelamtion = [“i_[o)L_— + (ng - Vin) Gz
h

Specific volumes of the two-phase fluid, v, and V;,, are quality-weighted sums of the vapor and
liquid specific volumes at either the outlet or inlet of the tube. The new two-phase friction factor
is:

fv =0.00506 Re ;, **'K 01554 ©
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Figure 2. Post-predictions of NIST Pressure Drop Data Withthe New Correlation

The friction factor, valid for Re/Ks> 1, is based on the all-liquid Reynolds number, Re = G/
with G being the total mass velocity. The two-phase number (referred to by Pierre as a boiling
number) is Ky= AX 'hfg/(L.g). The properties for the two-phase friction factor, /v, are evaluated at a
linearly averaged refrigerant temperature between the inlet and outlet. The procedure that was
used to identify and possibly remove data that had high influence/leverage on the regression using
the hat matrix and Cook’s distance is described by Kedzierski and Goncalves (1999). Figure 2
shows post-predictions of the NIST database with the new correlation.

After the new correlation was developed, we also validated it with condensation pressure
drop data from Eckels and Tesene (1999) and evaporation and condensation data from Schlager et
al. (1989) and Eckels et al. (1993). Figure 3 presents predictions by the new correlation.

100 g1 T N R R T T T TR ETT T T (O B R B B A R -
= 0 A < s
= [Condensation of R22, R134a, R502, and R507A | - 7 | [Evaporation and Condensation of R12, R134a, R22 | au / 3
& : —— Mean K : : —— Mean s :
= ---=- & 20% of Mean (/Y <. O B N B % 20% of Mean B L
% [~ | Smooth tube y - — | Smooth tube e —
o Average residual of 13.1 % Y Average residual of 15.0 % & % ‘9"
o || Micro-fin tube @ Ouno | || Micro-fin tube A —
x 10 E7] Average residual of 17.6 % 0 = [~ [Average residualof 18.1 % b =
w o i 1 F .
- H - 4
c o (@ . (b) §
9]
@ ~ 004, 4 F -
& T o . Do (mm) D, (mm)]
a 00000 P Do (mm) B, (mm) @ o Smooth tube: 9.5 8.0
5 1 & . o Smoothtube: 95 8.0 =3 = 00 .7 o Micro-fin tube: 9.5 55 |4
a C ad ¢ Micro-fin tube: 9.5 5.5 - R134a only N
& - Y :0 2 Micro-fin tube: 15.9 8.4 ~ 4 Smoothtube: 12.7 11.1 .
o s a o Micro-fintube: 7.9 4.3 7 0 Microfintube: 12.7 7.3 | 7]
O_ZL""_LJDULLI L 1oLl Lot Lo L L
0.2 1 10 100 10 100
EXPERIMENTAL PRESSURE DROP, AP (kPa) EXPERIMENTAL PRESSURE DROP, AP (kPa)

Figure 3. Predictions of Eckels and Tesene (1999) (a) and Schlager et al. (1989) and Eckels et al.
(1993) (b) Lubricant-free Refrigerant Pressure Drop Measurements With the New Correlation
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The new correlation predicted the smooth-tube and micro-fin-tube data of Eckels and Tesene
(1999) with average absolute residuals of 13.1% and 17.6 %, respectively, for all flow ranges and
refrigerants. For the data of Schlager et al. (1989) and Eckels et al. (1993), these residuals were
15.0% and 16.1 %, respectively.

3.2 Refrigerant/Lubricant Mixtures

In practice, the refrigerant that circulates in refrigeration and air-conditioning equipment
contains a small fraction of lubricant. For this reason, the applicability of the new pressure drop
correlation to refrigerant/lubricant mixtures was investigated. In this analysis, the pressure drop
correlation developed of lubricant-free refrigerants, shown in Equations (5) and (6), remained
unchanged, however, the relations for calculating the vapor quality and liquid Reynolds number
were modified to account for the lubricant present in the flow.

The vapor quality for the refrigerant/lubricant mixture was calculated as a mass fraction of the
total flow, which includes the lubricant:

X = mref,g _ mref.g (7)

m

tot mref,g +mref,f +moil

The liquid Reynolds number for the refrigerant/lubricant mixture, Rey, = G102/ 1m, was calculated
using the total mass flux, G, =M,/4,, and local viscosity of the liquid (refrigerant/lubricant
mixture), u,. We assumed that all liquid refrigerant is uniformly mixed with the lubricant. We
calculated liquid viscosity using the Yokozeki (1994) viscosity model, which was further verified
for refrigerant/lubricant mixtures by Michels and Sienel (1996):

ln lum = Zél ln #i = gref ln luref + 60[1 In :uoil (8)

where & =W\ W, /Y WiP, ©)
J

¥, and W, are the mole fraction and molar mass of component £, respectively. The molar mass of
the lubricant was estimated to be 600 g/mol. The exponent ¥ is an empirical parameter, often
modeled by a low-order polynomial in temperature. Each refrigerant/lubricant mixture has a
particular value of . However, Yokozeki (1994) found that setting k — 0.58 gave accurate
predictions for many refrigerant/lubricant mixtures, and we used this value in our calculations.
The mole fraction of lubricant in the liquid phase can be expressed as follows in terms of the mass
fraction and molar masses of the lubricant and refrigerant:

W,
Wy oil (Wi)
oil
gloil = 774 (10)
L=w, 0+ W, (Wn{‘)

oil

where the mass fraction of lubricant in the liquid phase is Wroir = Moi/(Moir T Mrery).
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Figure 4. Predictions of Schlager et al. (1989) and Eckels et al. (1993) Refrigerant/lubricant
Pressure Drop Measurements WithNew Correlation; (a) Condensation, (b) Evaporation

Figure 4 shows the results of validation of the above described methodology against two
data sets. The data included convective condensation and evaporation pressure drops in smooth
and micro-fin tubes for 28 different refrigerant/lubricant mixtures with lubricant contents in the
range of 0.5 % to 5 %. The new correlation predicted the condensation pressure drop in the smooth
and the micro-fin tubes with average absolute residuals of 19.6 % and 19.4 %, respectively. With
the exception of pressure drops less than 1kPa, the data scatter is centered about the mean of the
predictions for both smooth and micro-fin tubes and for all refrigerants. The evaporation pressure
drops were predicted with average absolute residuals of 28.0 % and 14.9 % for the smooth and
the micro-fin tubes, respectively. The data was not centered about the mean for the evaporation
data as the model tended to underpredict much of the data for all pressure drop ranges and
refrigerants.

4. CONCLUSIONS

The paper presents a pressure drop correlation for convective evaporation and condensation
in smooth and micro-fin tubes. The new Correlation employs a hydraulic diameter for micro-fin
tubes and includes a methodology that extends its applicability to refrigerant/lubricant mixtures.
The new correlation post-predicted the NIST database used in its development to an average
absolute residual of 10.8 %. The lubricant-free refrigerant pressure drop data of Schlager et al.
(1989), Eckels et al. (1993), and Eckels and Tesene (1999) for several different micro-fin tube
geometries were predicted with an average absolute residual not exceeding 17.6 %. The new
correlation predicted the evaporative pressure drop data of Schlager et al. (1989) and Eckels et al.
(1993) for refrigerant/lubricant mixtures in smooth and micro-fin tubes with average absolute
residuals of 28.0 % and 14.9 %, respectively. The condensation pressure drop data of Schlager et
al. (1989) and of Eckels et al. (1993) for refrigerant/lubricant mixtures were predicted with an
average absolute residual of 19.6 % for both smooth and micro-fin tubes.
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5. NOMENCLATURE

A =area (mm ) Greek symbols
A, =qD? /4 - NA, : cross sectional flow area (mm?) B =helix angle of the fin (degree)
A, =cross sectlonal area perpendicular to tube axis i = viscosity (N/ms)
associated with one fin (mm?) & =Yokozeki’s factor
D = diameter (mm) ¥ = mole fraction
D, =hydraulic diameter of micro-fin tube (mm) AP = pressure drop (kPa)

D, =outside diameter (mm)
D, =maximum inside diameter of micro-fin tube (mm)  Subscripts

= Fanning friction factor B = Blasius
G =mass flux (kg/m’s) BP =Bo Pierre
& =acceleration due to gravity (m/s”) f =friction or liquid
h —enthalpy (ki/kg) fo =total flow assumed liquid
K, =(a%1)/(Lg); two-phase number fg =between liquid and vapor
L Ztube'fe ength (m) g =vapor
m  —mass flow rate (m/s) i =component
N =total number of micro fins in =inlet
P —pressure (kPa) lo =liquid phase only flowing
Re =GD/y ; Reynolds number m =mixture
S, =perimeter of one fin and channel taken o =lubricant

perpendicular to the axis of the fin (mm) out = outlet

v =specific volume (m*/kg) ref =refrigerant
W =molecular mass tot = total

W =mass fraction
X =mass vapor quality
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