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Abstract

The present paper reports the results of an experimental investigation of saturated pool boiling of halocarbon re-

frigerants on cylindrical surfaces of different materials. Experiments covered a wide range of reduced pressures and heat

fluxes, being carried out on copper, brass and stainless steel surfaces with different finishing conditions. The obtained

results are discussed with regard to the controlled physical and operational parameters of the investigation. An em-

pirical correlation is proposed in terms of reduced pressures. The performance of the correlation can be deemed ade-

quate, considering that it compares well with experimental results of different authors.

� 2003 Elsevier Ltd. All rights reserved.

Keywords: Nucleate boiling; Heat transfer; Phase change; Halocarbon refrigerant
1. Introduction

Nucleate boiling has been under intense scrutiny

since the early 1930s, when pioneering research studies

came to light. This interest is justified in part by the heat

transfer enhancement that this mechanism promotes on

heated surfaces, and consequently by its potential in

heat transfer applications. However, the associated heat

transfer mechanism is a rather complex one what ex-

plains the significant amount of physical models pro-

posed along the years and the attraction that it exerts to

the scientific community. The difficulty stems in the fact

that there is no generalized theory or model that ade-

quately represents the phenomenon of nucleate boiling

heat transfer. Generally speaking, nucleate boiling re-

search has been traditionally approached by two differ-

ent ways of analysis: (1) the investigation of the physical

mechanism; (2) the development of correlations for the

heat transfer coefficient based on either a physical in-
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sight of the intervening phenomenon or a strictly em-

pirical basis. Physical models tend to reproduce the

particular mechanism that prevails under specific ope-

rational conditions of the boiling surface such as

pressure, liquid subcooling, liquid/surface combination,

geometry, and surface condition. As a result most of

these correlations are strongly dependent on operational

conditions not being amenable to generalizations, since

they reproduce a particular view of the boiling phe-

nomena. Thus, given the current state of the art, the

investigation of the nucleate boiling phenomena is still

needed to further deepen its understanding, specially

with liquids characterized by low surface tension like the

halocarbon refrigerants.

The material presented herein reports results from a

comprehensive experimental investigation of boiling of

halocarbon refrigerants on cylindrical surfaces. It covers

a description of the experimental apparatus and proce-

dures along with a parametric analysis of the obtained

results. These include the effects of pressure, heat flux,

and surface material and roughness for different refrige-

rants. In addition the paper also includes the develop-

ment of a correlation based on the procedure proposed

by Cooper [1]. Effects of parameters such as heat flux,

fluid (refrigerant), pressure, and surface material and
ed.
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Nomenclature

a exponent of M
b1, b2 exponents relative to Ra effects

c specific heat, J/kgK

c1; c2 exponents relative to pressure effects

D diameter, mm

fw surface material parameter

g gravitational acceleration, m/s2

ðrcÞmin minimum cavity size for nucleation, lm
s material surface parameter (kwqwcw)
T temperature, K

Tsat saturation temperature, K

v specific volume, m3/kg

Zc critical compressibility factor

h heat transfer coefficient, W/m2 K

k thermal conductivity, W/mK

M molecular mass, kg/kmol

m exponent of /
m1, m2, m3 constants of the m correlation

n=A active nucleate site density, m�2

p pressure, kPa

Ra arithmetical mean deviation of the profile,

lm; ISO 4287/1:1984

Rp maximum peak height of the profile, lm;

DIN 4762/1:1960

Greek symbols

DT surface superheat (Tw � Tsat), K
e relative deviation

/ specific heat flux, W/m2

x Pitzer acentric factor

h contact angle, �
q density, kg/m3

Subscripts

r reduced properties

w wall
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roughness are considered and introduced into the cor-

relation.
2. Experimental setup

The experimental setup comprises the refrigerant and

cooling circuits. The refrigerant circuit is schematically

shown in Fig. 1. The charge of refrigerant is basically

contained in the boiler in which the liquid is kept at a

reasonable level above the test surface (tube) so that the

column head does not affect significantly the equilibrium

saturation temperature. The cooling circuit is intended
test section

glass window

pressure
transducer

Condenser

power supply

aqueous solution
of ethylene glycol

draining and
charging line

Fig. 1. Schematic diagram of the experimental apparatus.
to control the equilibrium pressure in the boiler by

condensing the refrigerant boiled on the heating surface.

The condensing effect is obtained by a 60% solution of

ethylene glycol/water that operates as intermediate fluid

between the condenser and the cooling system, not

shown in Fig. 1. Depending on the operating pressure,

the ethylene glycol/water solution is cooled by either a

refrigeration circuit or water from a cooling tower.

The boiler is a 40 l carbon steel container with two

lateral circular windows for visualization. It contains the

boiling surface in addition to a 1500 W/220 V electrical

heater, installed at the bottom, and two sheathed type T

thermocouples. The boiler is also fitted with openings

for connections to a pressure transducer, a safety valve

(not shown in the figure), and vapor and liquid return

copper lines, as shown in Fig. 1. The sheathed thermo-

couples are installed in such a way to measure and

monitor the temperature of the liquid pool and the

vapor in equilibrium with it. Under normal operating

conditions, these thermocouples indicate temperatures

very close to each other and to the saturation tempera-

ture at the boiler internal pressure measured by the

pressure transducer.

The test (boiling) surface is placed in the middle of

the boiler so that the boiling mechanism can easily be

visualized through the glass windows. It is made up of a

19.0 mm diameter and 3.1 mm thick tube (copper, brass

or stainless steel), a cut way view of it is shown in Fig 2.

The test tube is supported by a brass piece which is

thread attached to the flanged cover of the boiler. The

electrical power to the boiling surface is controlled by a

manually operated voltage converter and measured by a
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Fig. 2. Longitudinal and transversal cut views of the cylindrical heating surface. Measurements in mm.
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power transducer. Surface temperature is measured

through 30 AWG type T thermocouples installed in

grooves carved by an electro-erosion process in locations

indicated in Fig. 2 for the two copper surfaces used in

the experiments. In the case of the brass and stainless

steel surfaces, only four thermocouple junctions have

been used, placed in the midway section and separated

from each other by 90� along the circumference. Ther-

mocouples are kept in place by a conductive epoxy resin.

Electrical signals from the transducers are processed by

a data acquisition system which includes two 12 bit A/D

converter boards with 16 channels each, and three con-

nection panels.
3. Experimental procedure

The boiling surface used to be treated prior to the

beginning of the tests. Sandpaper scales with mesh size

varying in the range from 220 to 1200 were used to

obtain the final surface roughness and applied through a

regular late machine run at 1200 rpm. Experiments were

also conducted with a polished surface, which required a

special treatment, and a sand blast surface. After such a

treatment, the boiling surface used to be thoroughly

cleaned with a solvent (normally refrigerant R-11) and

the roughness measured at 10 randomly selected regions

before attaching it to the boiler. After testing, other 10

randomly selected regions of the boiling surface were

again taken for roughness measurement so that condi-

tions of the surface before and after the tests could be

compared. The roughness was measured in terms of the

CLA arithmetic average, Ra. The treatment suggested

above allowed experiments to be run in the range

of surface roughness, Ra, between 0.02± 0.01 and

3.3± 0.4 lm.

The internal surface of the boiler used to be cleaned

and kept under a vacuum of less than 2 kPa during a

period of 12 h before attaching the boiling surface and

introducing the refrigerant. Tests were conducted under

saturated conditions of the refrigerant. The datum point
would only be logged if the readings of the sheathed

thermocouples were close enough (within 0.2 K) to each

other and to the saturation temperature corresponding

to the boiler pressure. For analysis purposes, the satu-

ration temperature of the pool was determined as the

average of the readings of the sheathed thermocouples.

Care was exercised in determining the surface tempera-

ture by taking into account the thermal resistance of the

copper wall between thermocouple location and the

actual boiling surface. In addition, axially located ther-

mocouples helped in evaluating axial heat conduction. It

has been determined that in the location corresponding

to section 2 of the test tube, Fig. 2, the axial heat flux

was negligibly small.

Gorenflo et al. [2] pointed out that the extreme

temperatures occur at top and bottom of the heating

surface a trend that has been confirmed by the experi-

mental results. Thus the temperature indicated by the

thermocouple located midway between those at top and

bottom of the heating surface would correspond to the

circumferential average temperature, as suggested by

Kang [3]. As a result, only the intermediate thermo-

couple readings of the midway cross-section of the

heating surface were considered for analysis purposes. A

thorough discussion of the surface temperature evalua-

tion can be found in Ribatski [4].

Tests were conducted by gradually increasing the

heat flux up to its predicted maximum. Once the maxi-

mum was attained, the heat flux was gradually reduced

down to zero. Only downward heat flux data were

considered for analysis purposes. Several procedures

were tried to check for possible side effects on the results.

One of them consisted in keeping the boiling surface

active for some time before logging data whereas in the

other the heating of the surface started directly from the

maximum heat flux. Results from these heating proce-

dures were very close to call.

Instruments were calibrated and the uncertainty of

measured parameters evaluated according to the proce-

dure suggested by Abernethy and Thompson [5] with

results summarized in Table 1.



Table 1

Uncertainty of measured and calculated parameters

Parameter Uncertainty

Minimum heat flux, / ¼ 0:60 kW/m2 ±1.8%

Maximum heat flux, / ¼ 120 kW/m2 ±0.3%

Heat transfer area ±0.3%

Wall temperature ±0.2 K

Saturation temperature ±0.2 K

Superheating ±0.3 K

Heat transfer coefficient, h ¼ 2:3 kW/m2 K, R-123, pr ¼ 0:011, Ra ¼ 0:16 lm, copper, / ¼ 114 kW/m2 ±1.3%

Heat transfer coefficient, h ¼ 4:2 kW/m2 K, R-134a, pr ¼ 0:260, Ra ¼ 2:5 lm, copper, / ¼ 2:27 kW/m2 ±20%

Fig. 3. Boiling curves for low pressure refrigerants R-11 and

R-123 boiling on a copper surface: (a) Ra ¼ 0:16 lm; (b) Ra ¼
2:3 lm, for R-11, and Ra ¼ 3:3 lm, for R-123.
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4. Parametric analysis of results

A fairly good amount of data points have been

gathered under the investigation reported herein. A total

of 2600 valid data points have been raised, involving the

following conditions for cylindrical surfaces of 19 mm

diameter:

• Refrigerants: R-11, R-123, R-12, R-134a, and R-22,

• Reduced pressures: varying in the range between

0.008 and 0.260,

• Surface average roughness: varying in the range be-

tween 0.02 and 3.3 lm,

• Surface material: copper, brass, and stainless steel.

The above physical parameters constitute the set of

conditions whose effect over nucleate boiling has been

the main thrust of the investigation reported in this

paper. A summary of the obtained results is presented in

connection with these effects in the following sections.

4.1. Refrigerant

The relative performance of refrigerants under nu-

cleate boiling conditions depends upon complex inter-

actions between their thermodynamic and transport

properties with surface material and condition. These

interactions will be further discussed in the subsequent

sections. As a first approximation, results indicate that

volatile refrigerants, such as R-12, R-134a, and R-22,

present higher heat transfer coefficient than their less

volatile counterparts, such as R-11 and R-123, at the

same reduced pressure.

4.2. Pressure

In the past there has been a number of publications

dealing with pressure effects in nucleate boiling. Pressure

affects directly two bubbles related parameters: fre-

quency and active nucleate site density. It seems that

heat transfer enhancement with pressure is closely re-

lated to the increment of these parameters. The com-

bined effect of pressure and surface roughness over the
boiling curves of lower pressure refrigerants R-11 and

R-123 is displayed in Fig. 3(a) and (b). The degree at

which pressure affects the boiling curve depends upon,

among other things, the pressure level itself, the refrige-

rant, and surface material and condition. In Fig. 3(a),

the boiling curves of refrigerants R-11 and R-123, for a

surface average roughness of 0.16 lm, are very close to

each other at the reduced pressures indicated in the

figure, confirming a trend previously observed by Webb
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and Pais [6]. Two interesting trends must be considered

regarding the boiling curves of Fig. 3(b):

(1) Despite a smoother boiling surface (Ra ¼ 2:3 lm
against Ra ¼ 3:3 lm), refrigerant R-11 curves are

steeper than the ones corresponding to R-123 for

the same reduced pressure. Thus considering the

combined results of Fig. 3(a) and (b), it can be con-

cluded that surface roughness affects more nucleate

boiling heat transfer of R-11 than that of R-123.

(2) On the other hand, it can be noted that the R-123

boiling curves, though less steeper, tend to come clo-

ser to the R-11 ones for higher reduced pressures,

implying that nucleate boiling of the former refrige-

rant is affected more by pressure when boiling on

rough surfaces.

4.3. Surface roughness

The effect of the heating surface roughness over the

boiling curve, previously demonstrated in Fig. 3(a) and

(b), is clearly shown in Fig. 4 for refrigerants R-22 and

R-134a. It can be noted that the boiling curves of re-

frigerant R-134a are affected more by the surface aver-

age roughness than the ones for R-22. Similarly to Fig.

4, when passing from Fig. 3(a), for a smooth surface, to

Fig. 3(b), obtained for fairly roughened heating surfaces,

the boiling curves become steeper, indicating a signifi-

cant heat transfer enhancement, with stronger effects in

the case of refrigerant R-11. In general, nucleate boiling

heat transfer increases with the surface roughness. It is a

well-known fact that this enhancement is related to the

active site density increment, since on roughened sur-

faces the range of cavity sizes available for nucleation is

wider. It has been suggested elsewhere that the incre-

ment in the active site density diminish with the average
Fig. 4. Boiling curves of high-pressure refrigerants R-22 and

R-134a for different surface conditions and at a reduced pres-

sure of 0.064 (Ra in lm).
roughness, as the surface becomes rougher [7]. In addi-

tion, Kurihara [7] suggested the occurrence of a surface

roughness limit above which there is no further heat

transfer enhancement. This limit has been confirmed by

results obtained under the present investigation with

sand blasted surfaces.

Surface roughness effects seem to be related to the

minimum cavity size for nucleation, ðrcÞmin, associated to

the boiling fluid, according to nucleation models such as

the ones by Hsu [8] or Han and Griffith [9]. Table 2 has

been prepared in order to check for this trend. Values of

the ðrcÞmin from the Han and Grifith model for each

refrigerant can be found in the second row of the table

for a heat flux of 50 kW/m2 and a reduced pressure of

0.064. The third row includes the relative variation of

the experimental heat transfer coefficient, for the same

heat flux and reduced pressure as above, defined as

Dhrelative ¼
½hðRa2Þ � hðRa1Þ�=hðRa1Þ

ðRa2 � Ra1Þ=Ra1
ð1Þ

where Ra1 is the minimum value of the average rough-

ness in the experiments and Ra2 is an arbitrary one

which, in this case, was assumed as being equal to

0.5 lm. The experimental minimum average roughness

is equal to 0.16 lm, for the lower pressure refrigerants

(R-11 and R-123), and 0.08 lm, for the higher pressure

ones (R-134a, R-12, and R-22). The values of Dhrelative of
Table 2 indicate that surface roughness affects more

nucleate boiling heat transfer of refrigerant R-11 than

that of R-123. Among the high-pressure refrigerants,

R-12 presents the highest and R-22 the least relative

variation of the heat transfer coefficient. The observed

trends regarding the effects of the average roughness

over the heat transfer coefficient are similar to those of

ðrcÞmin in Table 2. Thus, as a first approximation, there

seems to be a relationship between the effect of the

surface roughness over the heat transfer coefficient and

the associated ðrcÞmin for each refrigerant. This result

seems to be in agreement with Kurihara�s model [7],

according to which, the variation of the active nucleate

site density is proportional to exp½�1=ðrcÞmin�.

4.4. Heating surface material

The effect of the heating surface material depends on

the boiling fluid. The boiling curves of Fig. 5(a) show the

effect of the surface material for refrigerant R-11. Brass

surfaces are thermally more efficient for this refrigerant

than the copper and stainless steel ones, since the boiling

curves for this material are steeper. This is not the case

for refrigerant R-12 whose boiling curves for different

reduced pressures on brass and copper surfaces are

shown in Fig. 5(b). Clearly the boiling curves for brass

and copper are closer than in the previous case. Similar

behavior has been found for the other refrigerants



Fig. 5. Boiling curves of (a) R-11, Ra ¼ 0:16 lm; (b) R-12,

Ra ¼ 0:07 lm.

Table 2

Values of ðrcÞmin for different refrigerants at / ¼ 50 kW/m2 and pr ¼ 0:064 according to the Han and Griffith model along with values

of the relative variation of the heat transfer coefficient, Dhrelative

R-11 R-123 R-12 R-22 R-134a

ðrcÞmin (lm) 0.37 0.34 0.29 0.25 0.26

Dhrelative, Eq. (1) 0.18 0.15 0.09 0.06 0.08
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considered in the present investigation. As a general rule

(R-12 is an exception), the nucleate boiling heat transfer

coefficient is higher for brass surfaces diminishing
Table 3

Comparison of the variation of the experimental heat transfer coeffic

material

R-11 R-123

Experimental

(pr ¼ 0:064)

hbrass=hCu 1.24 1.12

hSS=hCu 0.71 0.69

Eq. (2), [12]a hbrass=hCu
hSS=hCu

a Effects of surface material variation according to the correlation
slightly for copper and still further for stainless steel,

other physical parameters kept equal. In addition, the

degree of surface material effects depends on the par-

ticular boiling fluid as shown in Fig. 5(a) and (b). Ac-

tually, this behavior seems to be related to the so-called

surface/fluid effect suggested by Rohsenow [10].

Two physical mechanisms could be related to effect

of the surface material:

(1) Thermal inertia, related to transient effects. It affects

the weighting and growing times of the bubbles, and

possibly the active site density, as suggested by Man

et al. [11], as a result of interaction effects between

neighboring sites.

(2) Boiling liquid wettability, with effects over the

weighting and growing times of the bubbles and

the active site density as well.

The independent effect of the first mechanism, as

some of the current published nucleate boiling correla-

tions seem to imply, does not conform with trends dis-

played by the experimental results, as shown in Table 3.

It can be noted in the second and third rows that the

experimental heat transfer enhancement of brass and

stainless steel with respect to copper surfaces (hsurface=
hCu) depends on the particular boiling fluid, as previ-

ously shown in Fig. 5(a) and (b). The last two rows

include surface material effects according to the corre-

lation proposed by Gorenflo et al. [12], which can be

reduced to the following equation:

hsurface
hCu

¼ ssurface
sCu

� �n

ð2Þ

where n is equal to 0.25 and the parameter s is defined as

the product kwqwcw. It can be noted that, according to
ient (/ ¼ 50 kW/m2, Ra � 0:50 lm) with the change of surface

R-12 R-22 R-134a

0.80 1.17 1.31

– – 0.81

0.71

0.45

proposed by Gorenflo et al. [12].
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Eq. (2), surface material effects do not depend on the

particular boiling fluid.

In conclusion, thermal inertia parameters of the

heating surface material do not seem to adequately re-

produce observed trends of the experimental results. In

addition, given that the values of density and specific

heat of the materials considered in this paper are rela-

tively close, the significant surface material parameter

would be the thermal conductivity, kw, whose effect over
nucleate boiling heat transfer is marginal according to

Cooper [13]. Thus, as suggested previously, the effect of

the surface material over nucleate boiling heat transfer

depends strongly on the boiling fluid, with the material

transport properties, specially the conductivity, playing

a marginal role, at least for the materials and wall

thickness considered in this paper.

4.5. Other effects

A peculiar behavior has been noted when low pres-

sure refrigerants (R-11 and R-123) boiling on the

stainless steel surface at a relatively low heat fluxes and

reduced pressures. The plot of Fig. 6 shows a detail of

the boiling curve of refrigerant R-123 in the low heat

flux range at the reduced pressure of 0.011. The plots

shown in this figure correspond to data obtained in

different days, at the same reduced pressure and surface

material and condition, by reducing the heat flux from a

given maximum down to zero. A significant deviation

can be noted between the curves in the heat flux range

between 10 and 20 kW/m2. The curve corresponding to

experiment 1 presents a clear discontinuity at about 13

kW/m2. It is interesting to note that beyond the ano-

malous region both curves coincide, as expected.

In order to investigate in detail this behavior, close

examination of images from tapes taken with a regular
Fig. 6. Detail of the partial nucleate boiling region for R-123,

Ra ¼ 0:16 lm, pr ¼ 0:011 on the stainless steel surface.
video camera were carried out along with visual obser-

vations through the windows of the boiling vessel. It has

been found out that in the anomalous region, nucleate

boiling occurs in an intermittent fashion, with clusters of

bubbles appearing and disappearing in different regions

of the heating surface. It has been observed that the

active site density is higher and the bubbles size smaller

in the uppermost region with respect to those at the

bottom of the boiling surface. A possible explanation for

this behavior could be related to natural convection ef-

fects, which would cause the surface temperature to in-

crease from bottom to top. Higher temperatures at the

top of the surface would prompt higher bubble fre-

quency and active nucleate site density along with

smaller bubbles. The low temperature at the bottom

would inhibit nucleation and increase the weighting time

of the bubble cycle, reducing the frequency and possibly

allowing for the increment of the bubble size. Difficulty

in slipping away along the surface and increased surface

tension could contribute further to enhance the bubble

size. Bubble cycles on the wall of the order of 60 s have

been observed when refrigerant R-123 boils on the

stainless steel surface for a heat flux of 10 kW/m2 and

reduced pressure of 0.011. Under these conditions, the

bottom surface thermocouple experienced temperature

variations of the order of 2 �C.
This anomaly has also been observed on the brass

surface, though not as apparent as in stainless steel. In

the case of copper surfaces this behavior seems to be

almost insignificant. It seems that the lower thermal

conductivity of stainless steel and brass inhibits heat

conduction along the perimeter of the heating wall, al-

lowing for higher temperature differences between the

top and bottom, what would enhance the aforemen-

tioned phenomenon.
5. Comparison with correlations

The results discussed in the previous sections, based

on data from the present investigation, generally tend to

confirm fairly well established nucleate boiling heat

transfer concepts and trends. In order to quantitatively

evaluate these results, the following correlations have

been considered for comparison purposes: Cooper [13],

Stephan and Abdelsalam [14], and VDI-Heat Atlas [15],

corrected for heating surface material effects as sug-

gested by Gorenflo et al. [12]. The comparison has been

made in terms of the average deviation, defined as

Average deviation

¼ 1

n

Xn

i¼1

ðCorrelation valueÞ � ðExperimental valueÞj j
ðExperimental valueÞ

ð3Þ



Fig. 8. Variation with pr of the relative deviation, e, of the VDI-

Heat Atlas [15] calculated with respect to the experimental heat

transfer coefficient, for refrigerant R-134a (Ra in lm).
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Average deviations of the calculated with respect to the

experimental heat transfer coefficient for the three cor-

relations, extensive to the complete data set, is of the

order of 25%, 22%, and 23%, respectively. These figures

could be deemed as reasonable, though slightly high,

given the relatively wide range of operational conditions

and the different refrigerants involved in the present

data. It would be interesting to show at this point how

individual data points behave with respect to the cor-

relation of Stephan and Abdelsalam, the one with the

least average deviation. Calculated versus experimental

heat transfer coefficient is shown in Fig. 7. It can be

noted that the experimental heat transfer coefficient is

generally higher than the one from Stephan and Ab-

delsalam correlation. The same trend has been found for

the heat transfer coefficient from the Cooper�s and VDI

Heat-Atlas correlations, though their average deviations

are slightly higher (25% and 23% against 22%).

Contrary to the other two, the modified VDI-Heat

Atlas [15] correlation includes the effect of the heating

surface material as suggested by Gorenflo et al. [12].

In order to evaluate the performance of this correla-

tion with respect to surface material, the relative devia-

tion, defined as 100 ½hðCorrelationÞ � hðExperimentalÞ�=
hðExperimentalÞ, of the calculated with respect to the

experimental heat transfer coefficient has been plotted

against the reduced pressure for data points corre-

sponding to refrigerant R-134a, as shown in Fig. 8. Data

points have been represented by different symbols to

discriminate surface roughness and material. The fol-

lowing remarks could be drawn from a detailed analysis

of this figure:

(1) The modified VDI-Heat Atlas correlation tends to

under predict the heat transfer coefficient on the
Fig. 7. Comparison of the calculated heat transfer coefficient

through the Stephan and Abdelsalam [14] correlation with

present experimental results for the complete set of data points.
stainless steel and brass surfaces. It can be noted

that, for stainless steel and brass surfaces, the corre-

lation compares poorly with the experimental results

at lower reduced pressures, the performance improv-

ing with pressure. Opposite trend can be noted for

the copper surfaces.

(2) For copper surfaces, the correlation under predicts

the heat transfer coefficient of surfaces with higher

average roughness and over predicts it for lower

average roughness. The previously suggested com-

bined effect of the reduced pressure and surface

roughness over heat transfer is not contemplated

in the correlation, what explains the distinct varia-

tion of e with the surface roughness for copper

surfaces.

(3) As a general rule, the relative deviation, e, increases
with the reduced pressure for each surface material

and average roughness.
6. An empirical correlation

6.1. Fundamentals

Cooper [1] and Ribatski and Saiz Jabardo [16] have

shown that, after some manipulation, current nucleate

boiling heat transfer correlations can be reduced to the

following general form:

h
ð/Þm ¼ Cgf ðhÞ

Yn
i¼1

ðFluid parametersÞai
" #

	
Yn
i¼1

ðSurface parametersÞbii

" #

	
Yn
i¼1

ðTransport propertiesÞcii

" #
ð4Þ
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It is interesting to note that the exponent, m, of the heat
flux in the left hand side term assumes values close to 0.7

for most of the known correlations [10,14,15,17–21]. The

function f ðhÞ is related to the surface tension of the

liquid and to the characteristics of the surface material/

liquid interaction whereas the fluid parameters can either

involve a molecular parameter or an empirical constant.

The surface parameters are related to the actual material

and finishing of the heating surface. Finally, using ar-

guments from the Law of Corresponding States, the last

term of the right hand side can be reduced to an ex-

pression involving just reduced pressures and tempera-

tures, as suggested by Cooper [1]. Ribatski and Saiz

Jabardo [16] obtained simple yet accurate correlations

for the saturated liquid and vapor transport properties

of refrigerants in terms of reduced pressures and tem-

peratures. Actually these correlations fit adequately the

effect of either pressure or temperature over the satu-

rated transport properties when given in terms of either

prð1� TrÞ or pr½� log10ðprÞ�. It is interesting to note that

properties such as the surface tension and the latent heat

of vaporization tend to zero at the critical state, and as a

result must be written in terms of powers of (1� Tr). In
addition, it must be noted that for most of the halo-

carbon refrigerants the surface tension varies linearly

with Tr.
Eq. (4) can further be reduced substituting the term

involving the transport properties by a function of re-

duced pressures and/or temperatures. Since, in the pre-

sent case, saturated conditions prevail, pressure and

temperature are dependent properties for a pure sub-

stance, and, as a result, transport properties and their

products could be reduced to a function of either re-

duced pressure or temperature. Thus, Eq. (4) could be

reduced to the following general expression:

h
ð/Þm ¼ Cgf ðhÞ

Yn
i¼1

ðFluid parametersÞai
" #

	
Yn
i¼1

ðSurface parametersÞbii

" #
f ðpr; TrÞ ð5Þ

In the next sections, the terms of Eq. (5) will be thoro-

ughly discussed in order to obtain a simple form that fits

the experimental results with reasonable accuracy.

6.2. Correlation parameters

6.2.1. Heat flux

The exponent m of the heat flux in the left hand side

of Eq. (5) is closely related to the slope of the boiling

curve. Thus it depends on the particular boiling fluid,

the pressure, and the surface material and finishing.

Cooper [13] initially suggested a linear relationship be-

tween this exponent and the reduced pressure. However,

given the insignificant improvement in the fitted results
obtained by this approach, he opted for a constant value.

Gorenflo et al. [12] tried to correlate the exponent m in

terms of Ra and p0:3r , concluding that the effect of Ra over
the accuracy of the proposed heat transfer correlation

was insignificant. Present experimental results for the

copper surfaces have shown that m varies approximately

in the range between 0.7 and 0.87 for the refrigerants

and the range of pressures considered in this paper,

decreasing with the latter. Similar trend has been ob-

tained for the stainless steel and brass surfaces.

6.2.2. Fluid parameter

Fitting generalized nucleate boiling heat transfer

correlations to experimental results has been a difficult

task when the identity of the particular boiling fluid is

not taken into consideration. It has been shown that the

introduction of a molecular parameter characteristic of

the fluid improves the accuracy of the correlation

[13,22]. Cooper [13] suggested the molecular mass, M ,

whereas others like Leiner [22] opted for equations in-

volving the critical compressibility factor, Zc, which is

directly related to the Pitzer acentric factor, x [23]. In

order to check for the degree of correlation between the

heat transfer coefficient and the molecular parameter

associated to the particular refrigerant, the heat transfer

coefficient has been evaluated for different refrigerants

and conditions using different correlations from the lit-

erature. Though not shown in the present paper, the

resulting heat transfer coefficients have been plotted in

terms of both molecular parameters, M and x, associ-

ated to each refrigerant, with the following conclusions

having been drawn:

(1) The heat transfer coefficient diminishes with M for

most of the correlations [10,17–21], except for the

Stephan and Abdelsalam [14] correlation.

(2) A significant correlation can be noted between h and

M .

(3) Contrary to the molecular mass effect, x does not

seem to correlate the heat transfer coefficient in a

discernible way.

Based on these arguments, the molecular mass has

been chosen as the molecular parameter associated to

the refrigerant, though both molecular parameters have

been independently checked in the development of the

correlation.

6.2.3. Average roughness of the heating surface

It has been previously noted that the effect of surface

roughness depends on the particular reduced pressure

range. In other words, the surface roughness, charac-

terized here by Ra, interacts with pressure in such a way

that its effect over the boiling curve is stronger at lower

than at higher reduced pressures. Similarly, roughness

can affect differently nucleate boiling heat transfer,
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depending on the material of the heating surface. As a

general rule, heat transfer correlations are based on the

separation of effects grouping them in a general form

similar to Eq. (5). In the present analysis only the effect

of roughness and reduced pressure will be combined in a

single parameter, following previous considerations

made specially by Cooper [13] and Gorenflo et al. [12].

In order to do so, several equations involving Ra to pr
could be devised in such a way to make the roughness

effect more significant in the lower range of reduced

pressures. Some of these equations have been considered

and checked for their effectiveness in the development of

the proposed correlation.
6.2.4. Heating surface material

Some of the proposed correlations include the effect

of the heating surface material through the group

ðkw 
 qw 
 cwÞ, related to transient heat conduction effects

in the material. Due to the lack of enough experimental

information regarding these effects, an in depth analysis

of this group has not been done in the present investi-

gation. However, as previously mentioned, present

results clearly suggest a combined surface/liquid inter-

action. Thus, for simplification purposes, a material

dependent coefficient will take on heating surface ma-

terial effects.
6.3. Procedure

The procedure starts with the selection of the set of

experimental data to be used in the development of the

correlation. Only data on the downward direction of

heat fluxes down to the minimum boiling heat flux have

been considered for analysis. The minimum heat flux has

been arbitrarily chosen equal to 4 kW/m2.

Table 4 includes all the forms of the parameters of

Eq. (5) that have been considered in the present inves-

tigation. All possible combinations have been corre-

lated, totaling 45 different forms. The chosen correlation

is the one that allowed for the best fitting of the experi-

mental data. Criteria used in the decision are as follows:

(1) individual absolute average deviation for each re-
Table 4

Different forms of Eq. (5) parameters

Parameter Forms of to correlate the distinct

Heat flux /m1�m2p
m3
r /

Reduced properties pc1r T
c2
r p

Surface roughness ðRa=5Þb1 ½� logðprÞ� R

Molecular parameter Ma

Surface material Characteristic coefficient of the su
frigerant, reduced pressure and surface material lower

than 15%; (2) behavior of each parameter compatible

with the expected physical phenomenon; (3) simplicity;

(4) lower overall absolute deviation of correlation with

respect to experimental results. It must be noted that

these criteria are mostly objective though the third one

involves some sort of subjectivity.

The following steps have been followed in the fitting

procedure of each of the forms of Table 4:

(1) Heat flux exponent: Each boiling curve was fitted

with equations of the type: h ¼ ðConstantÞ/m. The re-

sulting sets of m values were fitted to obtain m1, m2, and

m3 according to the forms of Table 4. For the first two

cases of Table 4, corresponding to linear and exponen-

tial forms, the m1 has been assumed equal to 0.9, a value

previously suggested by Gorenflo et al. [12] and close to

the highest experimental one, 0.87.

(2) Reduced properties: The reduced properties in-

volve different combinations of pr and Tr as shown in line

two of Table 4 (reduced properties). By writing the

forms of the group h=/m in terms of each of the forms,

the values of exponents c1 and c2 can be determined.

(3) Surface roughness: The values of b1 and b2 can be

determined in a similarly manner as in item (2), but, in

this case, correlating the group h=½ðHeat flux effectsÞ
ðReduced propertiesÞ� in terms of one of the forms of

the surface roughness effects of Table 4.

(4) Molecular parameter: Different values of a can be

determined, corresponding to different combinations of

the previous groups, by following a procedure similar to

the preceding steps. The Pitzer acentric factor, x, has

also been considered as previously suggested. However,

a correlation between h=½ðHeat flux effectsÞ ðReduced

propertiesÞ ðSurface roughness effectsÞ� and x has not

been found. On the other hand, the molecular mass

displays a clear trend for the three surface materials

considered in this investigation, what prompted its

choice as molecular parameter associated to the boiling

refrigerant.

(5) Surface material: The coefficient corresponding to

each material was obtained by averaging the resulting

values of the group: h=½ðHeat flux effectsÞ ðReduced

propertiesÞðSurface roughness effectsÞðMolecular massÞ�.
parameters

m1�m2pr /m1

c1
r ð1� TrÞc2 pc1r ð� log prÞc2

ab1 ðRa=5Þb1�b2pr ðRa=5Þb1ð1�prÞ pb1þb2 ½� logðRaÞ�
r

rface material
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The following expression has been found to meet the

proposed conditions for the optimum correlation:

h
/m ¼ fwp0:45r ½� logðprÞ��0:8Ra0:2M�0:5 ð6Þ

where

m ¼ 0:9� 0:3p0:2r ð7Þ

The heat surface material parameter, fw, assumes the

following values for the materials considered in this

paper:

• copper: 100

• brass: 110

• stainless steel: 85
7. Evaluation of the proposed correlation

The absolute (relative) average deviation of correla-

tion with respect to experimental results, defined as Eq.

(3), is considered as the reference parameter in the

evaluation of the proposed correlation. Table 5 presents

average deviations for different sets of experimental

data, corresponding to individual surface materials, re-

frigerants and Ra ranges in addition to the overall. De-

viations in Table 5 might be biased by the number of

data points of each data set, and, as a result, Eq. (6)

might correlate better data sets with higher number of

data points. In any case, the proposed equation corre-

lates experimental data with a reasonable accuracy

considering the number of refrigerants, surface condi-

tions and materials, and the range of operating condi-

tions implicit in the results shown in Table 5. The

correlation also captures odd behaviors such as the one

experienced by refrigerant R-12. In fact, the heat

transfer coefficient associated to refrigerant R-12 di-

minishes when a boiling copper surface is substituted by

a brass one, a trend opposite to that of the other re-

frigerants. This behavior along with the reduced number

of data points associated to R-12 might be responsible
Table 5

Average absolute deviations of Eq. (6) with respect to experimental r

Average deviation (%)

R-11 R-123 R-134a

Copper 11.5 6.0 8.6

Brass 6.4 9.5 9.3

Stainless steel 10.4 12.4 12.2

Overall 10.1 8.2 10.0

Ra < 0:20 lm 9.2 6.0 3.5

Ra � 0:50 lm 4.9 6.1 10.2

Ra < 2:0 lm 14.8 6.0 13.1

Overall 11.3 6.0 6.6
for the higher average deviations related to this refrige-

rant in Table 5.

Table 5 shows the effect of the boiling surface

roughness over the associated average deviation. As a

general rule, the average deviation tends to increase with

Ra. This trend might be related to the strong pressure/

roughness interaction at higher values of Ra and lower

reduced pressures. Thus, as a first glance, the use of one

of the groups of the third line of Table 4, involving both

Ra and pr, should result in a more accurate correlation.

However, a comparable accuracy was obtained with a

correlation with a constant exponent (0.2 for the pro-

posed correlation). It can also be noted that refrigerants

R-11 and R-12 present higher deviations, probably as a

result of the stronger effect of roughness, especially in

the range of lower reduced pressures. Finally, it has been

determined that, in general, lower reduced pressures

tend to cause higher deviations, a trend which is prob-

ably related to the higher effect of the reduced pressure

over the boiling curve in this range.

An overview of the correlation performance with

respect to the experimental data can be seen in the plot

of the calculated versus the experimental heat transfer

coefficient of Fig. 9, with all the data points involved. It

can be noted that most of the points fall well within the

±20% range.

The performance of the correlation has been evalu-

ated through comparisons with experimental results

obtained elsewhere. For that purpose, data from Silva

[24], for refrigerants R-11, R-113, and R-114 boiling on

a brass tube of 14.2 mm of external diameter, and Jensen

[25], for refrigerant R-113 on a stainless steel tube of

12.7 mm of external diameter, have been considered.

Since the surface roughness was not provided, Ra was

estimated as the average roughness obtained by fitting

the experimental data from these sources by the pro-

posed correlation. An average surface roughness of

0.7 lm was obtained for the brass tube from Silva [24],

and 1.3 lm for that from Jensen [25]. Fig. 10 displays the

plot of calculated versus the experimental heat transfer

coefficient for the combined data sets from Silva [24] and
esults

R-22 R-12 Overall

8.9 14.4 9.8

5.6 7.4 7.6

– – 12.5

8.1 12.2 9.6

2.8 11.5 6.7

12.6 15.1 11.1

14.9 – 11.4

7.4 13.5 –



Fig. 9. Calculated versus experimental heat transfer coefficient

for the complete set of data points.

Fig. 10. Calculated versus experimental heat transfer coefficient

for data from Silva [24] and Jensen [25].

Fig. 11. Calculated versus experimental heat transfer coefficient

for data from Webb and Pais [6].
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Jensen [25]. It can be noted that most of the data points

fall within the ±20% range. The correlation compares

reasonably well with data from Silva [24] and Jensen [25]

despite the surface roughness adjustments considering

that: (1) the average surface roughness fitted for each set

of data is in close agreement with the expected one for

surfaces with similar finishing; (2) their data include

refrigerants different from those used in the development

of the present correlation; (3) the calculated heat trans-

fer coefficient is in reasonable agreement with the ex-

perimental one.

Data from Webb and Pais [6] for the same refrige-

rants considered in this paper boiling on a commercial

copper tube of 19 mm of external diameter have also

been considered for comparison. Webb and Pais fitted

their experimental data through equations having the

following general form: h ¼ Constant 
 /m for each re-

duced pressure. The surface roughness was not pro-
vided. The average roughness, Ra, for a commercial

copper tube was determined by averaging the average

roughness of 10 different areas of 10 commercial copper

tube samples, resulting a value equal to 0.6± 0.2 lm.

Fig. 11 shows the comparison between the calculated

versus the experimental heat transfer coefficient. It can

be noted that the data points fall well within the ±20%

range, a result that could be deemed quite reasonable,

considering that neither the constant nor the roughness

parameter of the proposed correlation have been ad-

justed to the experimental data.
8. Conclusions

A summary of the conclusions drawn from the results

of the present experimental investigation involving the

nucleate boiling of halocarbon refrigerants on cylindri-

cal surfaces of different materials and conditions is as

follows:

(1) As a general rule, the nucleate boiling heat transfer

coefficient of higher pressure refrigerants (R-12,

R-22 and R-134a) is higher than that of lower pres-

sure refrigerants (R-11 and R-123).

(2) The reduced pressure and surface material and

roughness affect the boiling curve in a degree that

strongly depends on the particular refrigerant.

(3) Nucleate boiling heat transfer is more intensely af-

fected at reduced pressures and surface roughness.

(4) The material of the heating surface affects the boil-

ing curves in a combined fashion with the particular

refrigerant. Transient conduction effects in the mate-

rial seem to affect marginally the boiling curve.

(5) Intermittence in the boiling pattern has been ob-

served in the heat flux range between 10 and 20
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kW/m2. This phenomenon is characterized by alter-

nate appearance and disappearance of bubble clus-

ters in several regions of the boiling surface, and is

particularly intensified in stainless steel.

(6) The correlations proposed by Cooper [13], Stephan

and Abdelsalam [14], and VDI-Heat Atlas [15] com-

pare reasonably well with data from the present in-

vestigation, with absolute average deviations being

in the 20% range.

(7) Different forms of a generalized nucleate boiling

heat transfer expression have been used in fitting

the experimental data. The final form met several

conditions proposed to objectively determine the

best fitting correlation. It has been found that the

overall average deviation of correlation with respect

to the experimental heat transfer coefficient is equal

to 9.6%. In addition, for evaluation purposes, the

proposed correlation has been compared to results

obtained elsewhere with resulting deviations being

in the ±20% range.
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