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Abstract

The new version of the flow pattern map presented in Part I of this paper has been used to modify the dry angle in

the heat transfer model of Kattan–Thome–Favrat [J. Heat Transfer, 120 (1) (1998) 156]. This significantly improves the

heat transfer prediction in stratified-wavy flow. Moreover, a new heat transfer prediction method has been developed

for the dryout and mist flow regimes, which extends the applicability of the heat transfer model to these flow regimes.

An extensive flow boiling heat transfer database has been acquired for R-22 and R-410A to develop and validate the

new heat transfer prediction methods. The new model also shows good agreement with the independent heat transfer

data of Lallemand et al. [M. Lallemand, C. Branescu, P. Haberschill, Local heat transfer coefficients during boiling of

R-22 and R-407C in horizontal smooth and microfin tubes, Int. J. Refrigeration, 24 (2001) 57–72].

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Although the flow pattern oriented model of Kattan–

Thome–Favrat [1] was a major improvement over previ-

ous methods for flow boiling heat transfer predictions, it

has been pointed out by Zürcher [3] that the heat trans-

fer coefficients predicted for stratified-wavy flow were

not as accurate as for annular flow. Similar trends have

been observed with respect to the present heat transfer

measurements. To investigate this divergence, the analy-

sis of the dynamic void fraction has been performed at
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conditions corresponding to the stratified-wavy regime

predicted by the flow pattern map of Kattan et al. [4].

In consequence, the previous stratified-wavy region has

been divided into three subzones: slug, slug/stratified-

wavy and stratified-wavy, which results in improved pre-

dictions in the flow boiling heat transfer model described

in this study.

Furthermore, the heat transfer model of Kattan–

Thome–Favrat did not so far cover the mist flow regime,

where the dryout inception is a limiting point for the

maximum flow boiling heat transfer coefficients obtain-

able in an evaporator tube, occurring when the annular

liquid film breaks off from the internal tube surface. The

knowledge of the dryout conditions and the heat trans-

fer coefficient in the region beyond the dryout inception
ed.
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Nomenclature

A cross-sectional area of flow channel, m2

AL cross-sectional area occupied by liquid

phase, m2

cpL liquid specific heat, J/kg K

cpV vapor specific heat, J/kg K

D internal tube diameter, m

Dext external tube diameter, m

G mass velocity of liquid plus vapor, kg/m2 s

Gstrat stratified flow transition mass velocity, kg/

m2 s

Gwavy wavy flow transition mass velocity, kg/m2 s

hcb convective boiling heat transfer coefficient,

W/m2 K

hdryout dryout heat transfer coefficient, W/m2 K

hmist mist flow heat transfer coefficient, W/m2 K

hnb nucleate boiling heat transfer coefficient, W/

m2 K

hnb,new new nucleate boiling heat transfer coefficient

correlation, W/m2 K

href refrigerant heat transfer coefficient, W/m2 K

htp flow boiling heat transfer coefficient, W/

m2 K

hV vapor convective heat transfer coefficient,

W/m2 K

hwet heat transfer coefficient for the wet perime-

ter, W/m2 K

k thermal conductivity, W/m K

kL thermal conductivity of liquid phase, W/

m K

kV thermal conductivity of vapor phase, W/

m K

M molecular weight, g/mol

P pressure, bar

Pcrit critical pressure, bar

Pr reduced pressure [P/Pcrit]

Psat saturation pressure, bar

PrL Prandtl number in liquid phase [cpLlL/kL]
PrV Prandtl number in vapor phase [cpVlV/kV]
q heat flux, W/m2

Qref total heat transferred to refrigerant, W

Qwat total heat transferred from water, W

R internal tube radius, m

ReH homogeneous Reynolds number

ReV Reynolds number of vapor phase [GxD/

(lVe)]
Red Reynolds number of liquid film [4Gd(1 � x)/

[lL(1 � e)]
S nucleate boiling suppression factor

Tsat saturation temperature, K

Twall wall temperature, K

x vapor quality

xde dryout completion quality

xdi dryout inception quality

xIA vapor quality at transition from intermittent

to annular flow

Y multiplying factor

zt total heated tube length, m

Greek symbols

d liquid film thickness, m

dwat heating water film thickness, m

e cross-sectional vapor void fraction
�e average deviation, %
�ej j mean deviation, %

lL liquid dynamic viscosity, Ns/m2

lV vapor dynamic viscosity, Ns/m2

hdry dry angle of tube perimeter, rad

hstrat stratified flow angle of tube perimeter, rad

qL liquid density, kg/m3

qV vapor density, kg/m3

r standard deviation, %
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is required for the design and performance of evapora-

tors operating at these conditions.

Thus, the main objectives of this study are to im-

prove the accuracy of flow boiling heat transfer predic-

tions in stratified types of flow, to extend their

applicability to vapor qualities below 0.15 (previously

[1] only treated x > 0.15) and to predict heat transfer

coefficients in the dryout and mist flow regimes. An

extensive heat transfer database (used already in Part

I) ranging in mass velocities from 70 to 700 kg/m2 s

and heat fluxes from 2.0 to 57.5 kW/m2 for R-22 and

R-410A will be utilized to develop and validate the

improvements and extension of the flow boiling heat

transfer model.
2. Test section

The simplified layout of the refrigerant test loop used

for the local heat transfer measurements has been pre-

sented in Part I of this paper. The refrigerant from the

preheater enters the test section, where it is heated by

the counter-current flow of hot water. Two new test sec-

tions have been constructed for the present in tube evap-

oration tests. The small and large test sections have

internal diameters of 8.00 mm and 13.84 mm, respec-

tively. Both tubes are made of copper and have plain,

smooth interiors. The heated lengths are 2.035 m and

2.026 m for the 8.00 mm and 13.84 mm evaporators,

respectively. The outer stainless steel annulus has an
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internal diameter of 14.00 mm for the small test section

and 20.00 mm for the large test section. The internal

tubes are centered within the outer annulus tube at five

positions using centering screws. The external surface

of the annulus was well insulated for the both test con-

figurations to prevent heat gains from the surroundings.

The main properties and geometrical dimensions of the

test sections are shown in Table 1 where: D is the inter-

nal diameter of the tube, Dext is the external diameter of

the tube, zt is the total heated length, k is the thermal

conductivity and dwat is the annular gap for heating

water.

A complete schematic diagram of the heat transfer

test section is shown in Fig. 1. The refrigerant enters

the copper tube at the left and leaves at the right,

and flows into the sight glass. The hot water enters

the annulus at the right of Fig. 1 and leaves at the left.

Four thermocouples at the inlet (123, 124, 125, 126)
Table 1

Main properties and geometrical dimensions of the test section

Tested tube

Mat. Dext (mm) D (mm) zt (mm)

8 mm section Cu 9.53 8 2035

13.84 mm section Cu 15.87 13.84 2026

Fig. 1. Test section of the flow boiling test facility with the void fracti

alignment in heads of test section; cross-section B–B: water thermoco

wall thermocouple alignment in the heat transfer measurement positi
and four thermocouples at the outlet (101, 102, 103

and 104) are placed in the heads of the test section and

are used to measure the respective mean inlet (T1water)

and outlet temperatures of the water (T5water). There

are 18 more thermocouples (from 105 to 122) creating

three additional measurement positions of the mean tem-

perature of the water in the annular channel. These are

T2water, T3water and T4water in Fig. 1. The thermo-

couples have a diameter of 0.5 mm and the thermocouple

tips are fixed 0.3 mm radially from the external wall of

the tested tube. Five mean water temperatures form four

measurement zones (z1,z2,z3,z4) along the length as spec-

ified in Table 2. These temperatures allow calculation of

the enthalpy profile over the whole length of the tube to

determine the local heat flux q.

Four thermocouples have been installed on the exter-

nal wall of each tested tube (200, 201, 202, 203 see Fig. 1

cross-section C–C) to measure mean wall temperature
Outer annulus tube

k (W/m K) Mat. Dext (mm) D (mm) dwat (mm)

339 SS 17.4 14 2.235

339 SS 23 20 2.065

on measurement set-up (cross-section A–A: water thermocouple

uple alignment in the three central positions; cross-section C–C:

on).



Table 2

Main geometrical dimensions of the test section

z1
(mm)

z2
(mm)

z3
(mm)

z4
(mm)

zh
(mm)

8.00 mm section 610 570 500 355 510

13.84 mm section 600 570 504 357 500
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Twall. The local heat transfer coefficients were measured

1.525 m and 1.526 m from the refrigerant inlet for the

8.00 mm and 13.84 mm test sections, respectively. The

wall thermocouples were only 0.25 mm in diameter.

They were placed in the 15 mm long and 0.25 mm deep

grooves. All thermocouples were carefully and accu-

rately calibrated in situ to an accuracy of ±0.02 �C
compared to the precision thermometer of Omega Engi-

neering, model DP251, placed at the entrance and exit of

the channel during calibrations.

The inlet and outlet temperatures and pressures of

the refrigerant are obtained as well. The saturation tem-

perature Tsat was calculated from the measured satura-

tion pressure using the EES (Engineering Equation

Solver) thermophysical property subroutine program

and verified with two thermocouples that measure the

refrigerant temperature at the inlet and outlet of the test

section. Then the refrigerant local heat transfer coeffi-

cient was determined as:

1

href
¼ T wall � T sat

q
� lnðDext=DÞD

2k
ð1Þ

The maximum error of the heat transfer measurement

was ±6% for R-22 and ±8% for R-410A applying a

propagation of errors to this set-up—Wojtan [5].

A computerised data acquisition system was used to

record all data and to insure that steady-state conditions

were reached. The criterion for steady-state conditions

was the refrigerant saturation temperature, which was
Fig. 2. Energy balance in the liquid–liquid tests for refrige
not allowed to change more than ±0.05 �C during an

acquisition.

Energy balances over the preheater and test section

give the vapor quality at the position of the local heat

transfer measurement and at the entrance of the sight

glass. To be sure that the entire measurement system is

working correctly, liquid–liquid tests have been done

with R-22 and R-410A versus water to determine the

accuracy of the energy balance between the heating

and cooling fluids and hence that when evaporating

refrigerant. As one can see in Fig. 2, Qwat/Qref varies

from 0.98 to 1.02, with an average deviation of

�0.47% for R-22 and �0.75% for R-410A.

As a further check on the experimental set-up, local

values of the single-phase heat transfer coefficient were

measured and compared to the correlations of Dittus–

Boelter [6] and Gnielinski [7]. The measurements are

presented in Fig. 3 and show very good agreement with

the single-phase flow heat transfer predictions. The fit of

experimental data agrees particularly well with the cor-

relation of Dittus–Boelter at higher mass velocities, fall-

ing inbetween the predictions of these two correlations.

Similar results in the energy balance as well as in the

single-phase heat transfer have been found for the

8.00 mm test section. For more complete details, refer

to Wojtan [5].
3. Flow boiling heat transfer model of

Kattan–Thome–Favrat

As the first step in the heat transfer model of Kattan–

Thome–Favrat [1], flow regime transition curves Gstrat,

Gwavy, Gmist and xIA are calculated as presented in Kat-

tan et al. [4]. After determination of the flow pattern

map, the actual local flow regime is determined for the
rants R-22 and R-410A in the 13.84 mm test section.



Fig. 4. Annular flow with partial dryout configuration—

Kattan et al. [1].

Fig. 3. Single-phase heat transfer coefficient for refrigerant R-22 and R-410A in the 13.84 mm test section.
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specified combination of x and G. In the heat transfer

model, Kattan et al. took into account the fact that in

stratified, stratified-wavy and annular flow with partial

dryout, heat is transferred partially to the vapor phase

on the dry upper perimeter of the tube. Therefore, they

proposed to calculate the heat transfer coefficient for the

wet and dry perimeter separately, as:

htp ¼
hdryhV þ ð2p� hdryÞhwet

2p
ð2Þ

where hdry is the dry angle, hV is the heat transfer coef-

ficient for the dry perimeter defined as:

hV ¼ 0.023Re0.8V Pr0.4V

kV
D

ð3Þ

and hwet is the heat transfer coefficient for the wet perim-

eter calculated from the asymptotic model with the

exponent n = 3 as:

hwet ¼ ðhcbÞ3 þ ðhnbÞ3
h i1=3

ð4Þ

The convective boiling heat transfer coefficient hcb is cal-

culated from the liquid film thickness d as follows:

hcb ¼ 0.0133Re0.69d Pr0.4L

kL
d

ð5Þ

d ¼ AL

Rð2p� hdryÞ
¼ Að1� eÞ

Rð2p� hdryÞ
¼ pDð1� eÞ

2ð2p� hdryÞ
ð6Þ

In the above equation, the void fraction e is determined

from the Steiner [8] version of the Rouhani–Axelsson

drift flux model (Eq. (4) in Part I of this paper) and

the dry angle hdry is calculated iteratively assuming that

hdry = hstrat from

AL ¼ 0.5R2½ð2p� hstratÞ � sinð2p� hstratÞ� ð7Þ
The nucleate boiling heat transfer coefficient hnb is deter-

mined by Kattan et al. from the correlation of Cooper

[9] as:

hnb ¼ 55ðP rÞ0.12ð� log P rÞ�0.55M�0.5q0.67 ð8Þ

The parameter, which takes into account the exis-

tence of different flow patterns in Eq. (2) is the dry angle

hdry shown in Fig. 4.

The dry angle hdry defines the flow structure and the

ratio of the tube perimeter in contact with liquid and

vapor. In stratified flow hdry equals the stratified angle

hstrat and was calculated iteratively by Kattan from

Eq. (7). It is obvious that for annular and intermittent

flows, where the tube perimeter is continuously wet, that

hdry = 0. A more complicated approach is used to predict

hdry for stratified-wavy flows. For the fixed vapor quality

x, hdry varies between 0 for Gwavy(x) and hstrat for

Gstrat(x). Kattan assumed a linear variation of hdry be-

tween the annular and stratified flow transition curves

and proposed the following equation:

hdry ¼ hstrat
Gwavy � G
� �
Gwavy � Gstrat

� � ð9Þ
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The model of Kattan was developed from a database

including results for five refrigerants (R-134A, R-123,

R-502, R-402A and R-404A), containing over 1100

new experimental points for the tube diameters of

12.00 and 10.92 mm in a vapor quality range varying

from 0.15 to 1.00. The mean deviation of the new plain

tube correlation of Kattan was 13.3%, the standard devi-

ation was 16.8% and the average deviation was 2%. The

correlation was compared with five different existing cor-

relations, being particularly more accurate for the flow

regimes with partially wetted tube walls compared to

the earlier methods. Even so, its accuracy in stratified-

wavy flows was only one-half the of annular and inter-

mittent flows.
4. Development of a new heat transfer model

The new flow pattern map developed in the Part I of

this paper is utilized here to improve the stratified-wavy

heat transfer model of Kattan et al. [1]. The three new

subzones of the stratified-wavy region require a new ap-

proach in the dry angle calculation. Moreover, the flow

boiling heat transfer model of Kattan et al. Covers nei-

ther dryout nor mist flow heat transfer, so new predic-

tion methods for these flow regimes are also developed

here.
4.1. New approach in dry angle calculation

As has been shown in Eq. (9), Kattan et al. assumed a

linear variation of the dry angle in stratified-wavy flow

between 0 at Gwavy and hstrat at Gstrat. Zürcher [3] did

not make any changes in the heat transfer model in

the stratified-wavy region even though in his study some

experimental data points at low vapor qualities are

clearly underpredicted by the model of Kattan et al. A

new expression has been proposed by El Hajal et al.

[10] for calculation of the dry angle in stratified-wavy

flow in their recent flow pattern based condensation heat

transfer model. They assumed a quadratic interpolation

between its maximum value of hstrat at Gstrat and its min-

imum value of 0 at Gwavy as:

hdry ¼
Gwavy � G
� �
Gwavy � Gstrat

� �
" #0.5

hstrat ð10Þ

that showed better agreement with the numerous exper-

imental condensation heat transfer data.

As has been shown in Part I of this paper, the strat-

ified-wavy region has been subdivided into three sub-

zones (slug, slug/stratified-wavy and stratified-wavy)

and these modifications result in an important change

of the dry angle calculation. Thus, the following proce-

dure is proposed to find the dry angle in the three new
subzones while still avoiding any jump in the heat trans-

fer coefficient at any transition boundary.

4.1.1. Slug zone (Slug)

The high frequency slugs maintain a continuous thin

liquid layer on the upper tube perimeter. Thus, similar to

the intermittent and annular flow regime:

hdry ¼ 0 ð11Þ
4.1.2. Stratified-wavy zone (SW)

As it has been shown in Eq. (10), the new condensa-

tion heat transfer model of El Hajal et al. [10] proposed

a quadratic interpolation to calculate the hdry in strati-

fied-wavy flow. Based on the present experimental heat

transfer data for this region, better agreement has been

found with an exponent of 0.61, as:

hdry ¼
Gwavy � G
� �
Gwavy � Gstrat

� �
" #0.61

hstrat ð12Þ
4.1.3. Slug-stratified wavy zone (Slug + SW)

In the slug/stratified-wavy zone both low amplitude

waves (which do not reach the top of the tube) and li-

quid slugs that wash the top of the tube are observed.

With increasing vapor quality in this region, the fre-

quency of slugs decreases and the small amplitude waves

become dominant (as it was illustrated in Part I). The

slugs disappear completely approximately at a vapor

quality of xIA. To capture this phenomenon, the follow-

ing correlation is proposed and applied when x < xIA.

hdry ¼
x
xIA

Gwavy � G
� �
Gwavy � Gstrat

� �
" #0.61

hstrat ð13Þ

All presented modifications assure a smooth transi-

tion in the determination of dry angle between respective

zones and also a smooth transition in the heat transfer

coefficient from zone to zone.

Three more modifications are made in I, A, S and SW

flows (subdivided actually into Slug, SW + Slug, SW) com-

pared to the originalmethodofKattan–Thome–Favrat [1]:

(i) The liquid film thickness is calculated as proposed

by El Hajal et al. [10]:

d ¼ D
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D
2

� �2

� 2AL

2p� hdry
� �

s
ð14Þ

When the liquid occupies more than one-half of

the cross-section of the tube at low vapor quality,

this expression would yield a value of d > D/2,

what is not geometrically realistic. Hence, when-

ever Eq. (14) gives d > D/2, d is set equal to D/2.

(ii) hstrat is calculated non-iteratively using expression

of Biberg [11]—(Eq. (9) in Part I of this paper).



Fig. 5. Mist flow heat transfer results obtained in the 13.84 mm

test section at initial heat fluxes q = 37.5 kW/m2 and 57.5 kW/

m2 for tests with: (a) R-22, (b) R-410A.
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(iii) A nucleate boiling suppression factor of S = 0.8

will be introduced later in Section 5.2 to reduce

the nucleate boiling contribution.

4.2. New heat transfer model for the mist flow and

dryout regimes

The flow pattern oriented model of Kattan et al. [1]

covers neither the new dryout nor the mist flow regimes

because of their lack of dryout and mist flow heat trans-

fer data at the time. Also Zürcher [3] investigated mostly

the heat transfer coefficient in stratified and stratified-

wavy flow regimes and did not provide any experimental

data for mist flow. Two new transition curves Gdryout

and Gmist have been defined based on observations and

numerous heat transfer data presented in Wojtan [5].

All mist flow heat transfer data obtained in the

13.84 mm test section are presented in Fig. 5(a) and (b)

for refrigerants R-22 and R-410A, respectively. The ini-

tial heat fluxes (prior to dryout) were q = 37.5 kW/m2

and q = 57.5 kW/m2. As shown in Part I of this paper,

the decrease of heat flux from its initial value varies

between 74% and 91% in the mist flow regime and is

lower as the mass velocity increases. It can be observed

that within a dataset, the measured heat transfer coeffi-

cients do not vary significantly with increasing of vapor

quality. For both refrigerants, mist flow heat transfer

coefficients increase with increasing of mass velocity

and do not show any significant difference between tests

at initial heat fluxes of q = 37.5 kW/m2 and 57.5 kW/m2.

The measured vapor temperatures in the mist flow

regime also always corresponded to that of the satura-

tion pressure. This means that no vapor superheating

effect was observed at the current mist flow test

conditions.

In the 8.00 mm test section, a vapor superheating ef-

fect was observed only at vapor qualities above 0.95 at

the lowest mass velocities tested. All other experimental

heat transfer data displayed the same trends as in the

larger tube. The mist flow data in the 8.00 mm test sec-

tion will not be used in the developing of the new mist

flow heat transfer model, however, because the thermo-

couple placed in the wall at the top of the tube was bro-

ken during these tests and could influence measured

values. The heat transfer coefficient measured at the

top of the tube was always lower then that at the bot-

tom. Thus, using of only three measurements (at sides

and at the bottom) could significantly influence the

mean circumferential heat transfer coefficient value.

Since vapor and liquid phases were in thermal equi-

librium during evaporation in mist flow, the measured

heat transfer coefficients will be compared to the thermal

equilibrium correlation of Dougall–Rohsenow [12] and

Groeneveld [13]. Dougall–Rohsenow [12] proposed to

define the homogenous Reynolds number as:
ReH ¼ GD
lV

xþ qV

qL

ð1� xÞ
� �

ð15Þ

and the mist heat transfer coefficient is calculated as

hmist ¼ 0.023Re0.8H Pr0.4V

kV
D

ð16Þ

In the approach of Dougall–Rohsenow [12], the defini-

tion of the Reynolds number is not actually consistent

with homogenous flow theory because some gas proper-

ties are used with conjunction with the homogenous

density when only homogenous properties should be

used. To correct this, Groeneveld [13] added another

multiplying factor Y defined as:

Y ¼ 1� 0.1
qL

qV

� 1

� �
ð1� xÞ

� �0.4
ð17Þ

and his correlation for the mist flow heat transfer coeffi-

cient is then:
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hmist ¼ 0.00327Re0.901H Pr1.32V Y �1.5 kV
D

ð18Þ

The database of Groeneveld used to optimize his

empirical factors covers the following conditions:

2.5 mm < D < 25 mm, 34 bar < Psat < 215 bar, 700 kg/

m2 s < G < 5300 kg/m2 s, 0.1 < x < 0.9, 120 kW/

m2 < q < 2100 kW/m2. Hence, its application here repre-

sents gross extrapolation to lower mass velocities and

heat fluxes.

Fig. 6(a) and (b) illustrates the comparison of the mist

flow heat transfer results measured in the 13.84 mm test

section with the correlations of Dougall–Rohsenow

and Groeneveld. It can be seen that the approach of Gro-

eneveld shows good agreement with the R-22 heat trans-

fer data and overpredicts those for refrigerant R-410A.
Fig. 6. Comparison of the mist flow heat transfer results

measured in the 13.84 mm test section with the correlations of

Dougall–Rohsenow and Groeneveld for (a) R-22, (b) R-410A.
The values calculated with the Dougall–Rohsenow cor-

relation are considerably higher than the experimental

results.

As has been already said, the database of Groeneveld

used to optimize empirical factors covered only very

high mass velocities, saturation pressures and heat

fluxes, mostly for water. Based on the new experimental

data, the correlation of Groeneveld has been reoptim-

ized for the prediction of the mist flow heat transfer

coefficients during evaporation of refrigerants. The new

version of the Groeneveld correlation is as follows:

hmist ¼ 0.0117Re0.79H Pr1.06V Y �1.83 kV
D

ð19Þ

Compared to the original version, the values of expo-

nents and leading constant were changed and the expo-

nent on the Reynolds number (0.79) becomes nearly that

of a single phase flow (0.8).

Fig. 7(a) and (b) shows the comparison of the mist

flow heat transfer results measured in the 13.84 mm test

section with the new method for both refrigerants. The

agreement of the experimental and predicted points is

very good and the statistical analysis of this relationship

is presented in Table 3. As can be seen in Table 3, the

average deviation �e, the mean deviation �ej j and the stan-

dard deviation r for all 71 experimental points are only

�0.04%, 6.31% and 8.32% using the new modified ver-

sion, respectively. The new method predicts 93% of

experimental results obtained for the two refrigerants

at five different mass velocities and two different initial

heat fluxes within ±15% error.

It is proposed in this study to use the optimized

method of Groeneveld presented in Eq. (19) for the

calculation of heat transfer coefficient in the mist flow

region. Seeing that the vapor superheating effect was

only observed in some points at vapor qualities above

0.95, the using of a thermal equilibrium correlation

seems to be reasonable.

As has been shown in Part I of this paper, the heat

transfer coefficient falls sharply in the dryout and then

becomes nearly constant in value for mist flow. For

the dryout region the heat transfer coefficient can be cal-

culated from the following linear interpolating equation:

hdryout ¼ htpðxdiÞ �
x� xdi
xde � xdi

½htpðxdiÞ � hmistðxdeÞ� ð20Þ

where htp(xdi) is the two-phase flow heat transfer coeffi-

cient calculated from Eq. (2) at the dryout inception

quality xdi and hmist(xde) is the mist flow heat transfer

coefficient calculated from Eq. (19) at the dryout com-

pletion quality xde. If xde is not defined at the considered

mass velocity it should be assumed that xde = 0.999. This

approach predicts the experimental data fairly well (the

sharp slope creates large errors though) and smoothly

links the heat transfer coefficient in the annular and

the mist flow regimes.



Fig. 7. Comparison of the mist flow heat transfer results

measured in the 13.84 mm test section with the optimized

version of Groeneveld for (a) R-22, (b) R-410A.

Table 3

Statistical analysis of the mist flow heat transfer data in the

13.84 mm test section

�e (%) �ej j (%) r (%)

Groeneveld 13.6 9.0 10.7

Groeneveld optimized �0.04 6.31 8.32
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5. Experimental results

An extensive heat transfer database has been ac-

quired at mass velocities from 70 to 700 kg/m2 s and heat

fluxes from 2.0 to 57.5 kW/m2 for refrigerants R-22 and

R-410A. The heat transfer coefficients were measured in

the vapor quality range from 0.01 to 0.99 with the mean

step of 0.04. Each experimental result is the mean value
of ten successive acquisitions and they will be analyzed

below. Firstly, some stratified-wavy results will be pre-

sented, which cover tests at mass velocities below

200 kg/m2 s. At these conditions mostly slug/stratified-

wavy, stratified-wavy flow regimes are encountered

and at high vapor qualities dryout appears. In the sec-

ond section, where the mass velocities were higher than

200 kg/m2 s, annular flow results will be shown. Flow re-

gimes encountered are: slug, intermittent and annular

flow. All these flow regimes exhibit continuous and com-

plete wetting of the tube perimeter. At higher vapor

qualities dryout and mist flow appears. Based on the

analysis of experimental results at different heat fluxes,

a nucleate boiling suppression factor S has also been

proposed.

5.1. Comparison of the stratified-wavy results to the

new model

Fig. 8(a) and (b) shows the heat transfer results for

R-22 tested at mass velocity G = 100 kg/m2 s and heat

flux q = 2.1 kW/m2 (on left) with its corresponding flow

pattern map (on right). The experimental heat transfer

data are compared to the model of Kattan et al. (dashed

line) and to the new model (solid line). Much better

agreement has been found between the experimental

points and the new prediction method in the slug/strati-

fied-wavy zone (x < 0.36) as well as in the stratified-wavy

region (x P 0.36).

Fig. 9(a)–(d) depicts the experimental heat transfer

data compared with the model of Kattan et al. and the

new prediction method for tests with R-22 at a mass

velocity G = 150 kg/m2 s and heat fluxes of 3.6, 7.5,

17.5 and 37.5 kW/m2, respectively. The heat transfer

data in the slug/stratified-wavy zone could be obtained

experimentally only at the lowest heat fluxes. They show

very good agreement with the new model in this zone. In

the stratified-wavy zone (x P 0.36) the new prediction is

more accurate for higher heat fluxes than for

q = 3.6 kW/m2 and q = 7.5 kW/m2. The reason for this

could be an effect of heat flux, which is not considered

in the dry angle correlation presented in Eq. (12). But

even without taking into account the heat flux effect in

the dry angle calculation, the new method predicts rea-

sonable heat transfer values in the stratified-wavy zone,

and seems to be a significant improvement compared to

the original method of Kattan et al.

5.2. Comparison of the annular flow results to the new

model

In this section, some experimental data obtained at

the mass velocities above G = 200 kg/m2 s and at all heat

fluxes tested will be presented. Figs. 10–12 show heat

transfer results obtained at mass velocities from 300 to

500 kg/m2 s, respectively. The results are for R-22 (Figs.



Fig. 8. Comparison of the experimental heat transfer data with the model of Kattan and the new prediction method for tests with R-22

at mass velocity G = 100 kg/m2 s and heat flux q = 2.1 kW/m2 (on left) and corresponding flow map (on right).

Fig. 9. Comparison of the experimental heat transfer data with the model of Kattan and the new prediction method for tests with R-22

at mass velocity G = 150 kg/m2 s and heat fluxes: (a) 3.6 kW/m2, (b) 7.5 kW/m2, (c) 17.5 kW/m2, (d) 37.5 kW/m2.
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10 and 12) and for R-410A (Fig. 11). The experimental

heat transfer data will be compared with the heat trans-
fer models of Kattan et al. (dashed line) and to the new

one (solid line).



Fig. 10. Comparison of the experimental heat transfer data with the model of Kattan and the new prediction method for tests with R-

22 at mass velocity G = 300 kg/m2 s and heat fluxes: (a) 7.5 kW/m2, (b) 17.5 kW/m2, (c) 37.5 kW/m2, (d) 57.5 kW/m2.

Fig. 11. Comparison of the experimental heat transfer data with the model of Kattan and to the new prediction method for tests with

R-410A at mass velocity G = 400 kg/m2 s and heat fluxes: (a) 37.5 kW/m2, (b) 57.5 kW/m2.
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Fig. 12. Comparison of the experimental heat transfer data with the model of Kattan and the new prediction method for tests with

R-22 at mass velocity G = 500 kg/m2 s and heat fluxes: (a) 7.5 kW/m2, (b) 17.5 kW/m2, (c) 37.5 kW/m2, (d) 57.5 kW/m2.
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One modification has been made in the calculation of

nucleate boiling contribution in the new model com-

pared to the original method of Kattan et al. It has been

observed in all tests that the method of Kattan et al. [1]

predicts accurate heat transfer coefficient at heat flux

q = 7.5 kW/m2 in the annular flow regime at all tested

mass velocities for R-22 as well as for R-410A. However

with increasing heat flux, the method systematically

overpredicts the measured heat transfer coefficient. As

the deviation increases with increasing heat flux, it can

be concluded that the nucleate boiling contribution is

too high. Based on analysis of the experimental data,

it has been estimated that the nucleate boiling heat

transfer contribution calculated from the pool boiling

correlation of Cooper [9] should be reduced by 20% to

obtain good agreement with experimental values. This

is not surprising in view of the reduced thermal bound-

ary layer in flow boiling. Bubble growth is thus inhibited

compared to nucleate pool boiling. Consequently, it is

recommended in the new method to use a nucleate boil-
ing suppression factor S = 0.8 and thus to calculate the

nucleate boiling contribution as:

hnb;new ¼ S � hnb ð21Þ

where hnb is the nucleate pool boiling heat transfer of

Cooper [9] defined in Eq. (8). The factor S = 0.8 has

been used in preparing all of Figs. 8–12. After this mod-

ification, the new model predicts the experimental points

more accurately, particularly for higher heat fluxes. It

can be also seen that the dryout inception is correctly

identified and that the new heat transfer models predicts

the experimental heat transfer data very accurately for

the dryout regime as well as for the mist flow regime.

For more experimental results please refer to Wojtan [5].

5.3. Statistical analysis

Statistical analysis of the experimental results for

tests with refrigerant R-22 in the 13.84 mm test section

is presented in Tables 4 and 5. The average deviation



Table 4

Statistical analysis of heat transfer data obtained during evaporation of refrigerant R-22 in the 13.84 mm test section at x < xdi
compared to the original model and to the new method

R-22, D = 13.84 mm; at x < xdi (before dryout)

G (kg/m2 s) q (kW/m2) �eKattan (%) �ej jKattan (%) rKattan (%) �enew (%) �ej jnew (%) rnew (%) n

70 7.5 �6.09 11.92 16.60 �29.36 8.30 10.59 21

70 17.5 �6.35 2.40 3.14 �34.71 3.60 4.45 16

100 2.1 11.19 26.24 31.94 1.53 9.79 12.95 21

150 3.0 30.91 25.98 30.14 22.66 5.18 6.90 28

150 7.5 47.02 44.27 102.33 24.73 35.21 84.76 27

150 17.5 24.31 12.17 17.27 �2.85 12.76 18.44 19

150 37.5 37.25 21.61 28.92 9.19 3.75 4.57 12

200 4.4 16.47 21.07 26.36 25.54 16.95 20.08 27

200 7.5 15.73 13.30 17.74 15.46 9.30 10.91 29

250 37.5 21.28 4.39 4.88 2.93 2.11 2.61 12

300 7.5 �1.44 5.55 9.95 �2.47 3.87 5.66 23

300 17.5 12.97 6.81 9.75 4.84 8.08 9.95 17

300 37.5 11.03 2.33 3.00 �4.88 2.34 2.95 19

300 57.5 29.77 4.80 5.34 8.22 3.70 4.41 6

350 37.5 15.53 3.53 4.63 4.29 3.94 5.24 3

400 17.5 13.92 3.36 5.28 7.00 6.40 8.75 17

400 37.5 16.34 1.14 1.62 3.87 1.64 2.57 6

400 57.5 18.10 1.20 1.40 0.83 0.67 0.79 5

500 7.5 �1.46 4.39 6.64 �3.09 4.07 5.95 23

500 17.5 9.41 3.82 5.62 2.98 6.05 8.35 23

500 37.5 11.23 3.92 4.38 �1.19 6.70 7.42 16

500 57.5 23.67 1.94 2.58 5.89 1.59 2.02 8

550 57.5 3.44 2.41 3.19 �11.36 3.46 4.51 9

600 7.5 6.48 7.57 10.26 4.21 7.67 10.46 19

600 57.5 25.13 2.87 3.45 7.68 3.54 4.49 7

Summary 15.43 9.56 14.26 2.48 6.83 10.39 413

Table 5

Statistical analysis of heat transfer data obtained during evaporation of refrigerant R-22 in the 13.84 mm test section at x P xdi
compared to the original model and to the new method

R-22, D = 13.84 mm; at x < xdi (after dryout)

G (kg/m2 s) q (kW/m2) �eKattan (%) �ej jKattan (%) rKattan (%) �enew (%) �ej jnew (%) rnew (%) n

300 7.5 1110.44 744.37 1054.65 341.25 170.13 242.66 3

300 17.5 825.34 952.62 1238.43 111.78 157.01 204.29 3

300 37.5 5.18 9.49 13.51 �36.21 16.60 26.48 5

300 57.5 48.46 80.36 107.42 �13.94 28.85 33.11 14

350 37.5 542.04 602.54 750.94 87.66 139.19 200.71 10

400 17.5 2213.43 1022.71 1234.13 137.54 161.84 228.68 7

400 37.5 1018.36 834.88 912.83 205.11 245.69 284.51 11

400 57.5 294.58 301.87 536.02 88.44 164.76 212.59 14

500 37.5 1642.39 1481.92 1750.97 181.04 243.92 326.19 5

500 57.5 960.49 1004.89 1080.61 71.96 112.49 144.35 22

550 57.5 1384.92 942.66 1075.27 15.21 39.32 64.24 8

600 57.5 – – – 0.55 16.33 28.20 8

700 57.5 – – – �6.77 17.65 26.70 11

Summary 913.24 725.30 886.80 91.05 116.44 155.59 121
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�e, the mean deviation �ej j and the standard deviation r
are calculated for the original approach of Kattan

et al. and for the new heat transfer model. The number
of experimental points n is specified in the last column of

each table. As it can be seen, the analysis of experimen-

tal results has been done separately for before (x < xdi)
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and after dryout (x P xdi). The statistical analysis for all

other tests is presented in Wojtan [5].

The statistical deviations presented in the summary

of each table show overall improvement of the new

model in the heat transfer prediction. The statistical

deviations in dryout and mist flows are large (see Table

5), although the experimental data show good agree-

ment with the new model in this region. In the dryout

zone the heat transfer coefficients drop sharply to about

1/20 those upstream in annular flow. Thus, a small error

in predicting of vapor quality of the dryout inception

can result in relative errors up to 2000%, which explains

the very high statistical deviations if the dryout zone is

not correctly identified even for a few experimental

points. One more very important explanation for high

statistical errors in the dryout zone is the effect of vapor

quality hysteresis. After mist flow conditions are

reached, a further increase of the inlet vapor quality gen-

erates a mist flow in the zone preceding the local heat

transfer measurement position, which reduces signifi-

cantly the overall heat transfer performance from the

heating fluid (water) to the refrigerant and results in a

decrease of vapor quality at the local heat transfer mea-

surement position. Consequently, measured mist flow

heat transfer value created by hysteresis in the dryout re-

gion boundary will create very high relative errors since

the prediction model does not take this into account.

This effect can be observed very clearly in Fig. 12c for

the test with R-22 at G = 500 kg/m2 s and q = 37.5 kW/

m2. Two heat transfer points at vapor qualities just be-

low x = 0.8 moved backward from the mist flow region

due to the hysteresis effect described above. In this par-

ticular test, there are only three other points taken at

‘‘normal’’ conditions (that are accurately predicted)

and hence there is no surprise that the mean deviation
Fig. 13. Comparison of the experimental heat transfer data of Lalle

corresponding flow pattern maps (on right). Tests with R-22, Tsat = 5

m2 s, (b) 250 kg/m2 s.
�ej jnew rises to 243.9% and the standard deviation rnew
to 326.9%. Although all experimental points were taken

into account in the statistical analysis, the improvement

of the new method in the dryout heat transfer prediction

compared to the method of Kattan is also evident.
6. Comparison of the new model to independent data

Most recent papers presenting flow boiling heat

transfer data for R-22 and R-410A are focused on the

heat transfer enhancement of microfin tubes and present

few experimental points for plain tubes. For example,

Seo and Kim [14] and Kim et al. [15] show only five

experimental points over the entire vapor quality range

for all tests with R-22 and R-410A. Wang et al. [16] pres-

ent ‘‘quasi-local’’ heat transfer coefficients during evap-

oration of R-22 and R-410A at mass velocities of

G = 100 and 400 kg/m2 s in a smooth tube with a

6.4 mm ID tube. Analyzing their experimental points

for R-410A at G = 400 kg/m2 s and q = 5.0 kW/m2 in

the vapor quality range from 0.1 to 0.9, it has been noted

that reported heat transfer coefficients vary in this range

only from 2000 to 3000 W/m2 K. Considering the high

mass velocity, the intermittent/annular flow regime and

the fact that most models in the literature predict a var-

iation of heat transfer coefficient for these conditions

from 3000 to 10,000 W/m2 K, it raises some doubts

about such experimental results. The new model has

not been compared to the original Kattan database here

as he measured ‘‘quasi-local’’ heat transfer coefficients as

opposed to local values in the present study.

Lallemand et al. [2] investigated flow boiling heat

transfer coefficient during evaporation of R-22 and

R-407C in both a smooth tube and a microfin tube at
mand et al. [2] with the new prediction method (on left) and

�C, D = 10.7 mm, q = 10.0 kW/m2 at mass velocities: (a) 150 kg/
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mass velocities from 100 to 300 kg/m2 s. They presented

quite an extensive database for this mass velocity range,

denoting clear trends in the evolution of the heat trans-

fer coefficient. Fig. 13 shows the comparison of the

experimental heat transfer data of Lallemand et al. with

the new prediction method at mass velocity 250 with the

corresponding flow pattern map. As can be seen experi-

mental heat transfer coefficients for their test at 250 kg/

m2 s where slug, intermittent, annular and dryout. The

prediction shows a smooth transition between the

respective flow patterns, similar to the experimental heat

transfer data. The new model corresponds very well to

the experimental values at vapor qualities below 0.8,

where in contrast to the predictions, the experimental

heat transfer data start decreasing. This can be explained

as the consequence of an axial wall conduction effect

across the dryout transition by the electrical heating of

their test section (compare for example to the high peak

in Fig. 10a for similar conditions using hot water

heating).

The new prediction method shows similar good

agreement with the heat transfer results of Lallemand

et al. at mass velocities 150 and 300 kg/m2 s but are

not shown here.
7. Conclusions

Several modifications to the original heat transfer

model of Kattan et al. have been made resulting in the

new heat transfer model proposed here. A new method

of the dry angle calculation has been proposed for the

flow regimes defined by Kattan et al. as the stratified-

wavy, and currently subdivided into new slug, slug/strat-

ified-wavy and stratified-wavy zones. This new approach

shows a good improvement in the heat transfer predic-

tion and extends the application of the model to vapor

qualities below 0.15.

It has been observed at high heat fluxes that the pool

boiling correlation of Cooper overpredicts the nucleate

boiling contribution by about 20% on average. Thus, a

fixed nucleate boiling suppression factor of S = 0.8 has

been proposed for the calculation of the nucleate boiling

contribution, that significantly improves heat transfer

predictions at heat fluxes above 17.5 kW/m2.

As non-equilibrium was only observed here for a few

experimental points for vapor qualities above 0.95, the

thermal equilibrium model of Groeneveld has been

adapted to predict the mist flow heat transfer coefficient

for refrigerants. The new modified version of his method

predicts 93% of experimental results obtained for two

refrigerants at five different mass velocities and two dif-

ferent initial heat fluxes within ±15% error. For the dry-

out zone heat transfer prediction, a simple correlation

has been proposed, which assumes a linear variation of

the heat transfer coefficient between the maximum value
at dryout inception quality xdi and the minimum value

at dryout completion quality xde. This approach reason-

ably predicts most of the experimental data and links the

heat transfer coefficients in the annular and mist flows.

After the modifications presented above, the im-

proved heat transfer model can successfully be used

for the flow boiling heat transfer predictions over the

whole vapor quality range 0<x<1.0 in all flow regimes

(with the exception of bubbly flows) and at heat fluxes

ranging from 2.0 to 57.5 kW/m2. This experimental

work extends our flow boiling heat transfer database

(Kattan et al. [1], Zürcher [3]) with over 1250 new exper-

imental points for R-22 and R-410A at mass velocities

from 70 to 700 kg/m2 s and heat fluxes from 2.0 to

57.5 kW/m2. In addition, 368 experimental points have

been measured in dryout and mist flow conditions that

fulfil that gap in our heat transfer database.
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