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Abstract

An experimental study of the critical heat flux (CHF) in horizontal and vertical tubes cooled with R-134a has been
completed. The investigated ranges of flow parameters in R-134a were outlet pressures of 1.31, 1.67 and 2.03 MPa (8, 10
and 12 MPa in water-equivalent values), mass flux from 500 to 3000 kgm~2s~! (700-4300 kgm~2s~! in water-equiv-
alent values), and critical quality from —0.1 to +0.9. The wide range of qualities was achieved using tubes of different
heated lengths and two-phase flow at the test-section inlet.

The R-134a CHF data obtained in the vertical orientation agreed with the R-134a-equivalent CHF values from the
water-based CHF look-up table. The effect of orientation on CHF was found to depend on mass flux, quality and
pressure, as well as the limiting critical quality. This effect is strong at low mass fluxes, but disappears at high mass
fluxes. At qualities higher than the limiting critical qualities, the CHF in horizontal flow can be greater than the
corresponding value in vertical flow at the same critical quality conditions. A maximum reduction in CHF due to flow
stratification was observed at qualities between the limiting critical qualities for horizontal and vertical flows.

The orientation effect on CHF appears to be much stronger for R-134a than for water flow at the same critical
quality, equivalent mass flux (based on vertical flow fluid-to-fluid modeling relationships) and density ratio. This be-
havior is primarily due to the larger density difference between liquid and vapor and the lower vapor velocity in R-134a.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The objective of this study is to investigate the effect
of orientation on the critical heat flux (CHF) over a
wide range of qualities, including the limiting critical
quality region. Knowledge of the CHF and dryout
phenomenon in horizontal channels is important be-
cause of the many industrial applications: steam gen-
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erators, horizontal tube evaporators, nuclear reactors,
horizontal forced-circulation waste heat boilers, refrig-
erators, air-conditioning systems, and heat pumps.
However, the literature on the orientation effect is quite
limited.

Some heat-transfer laboratories use refrigerants to
model the CHF in water, in both vertical and horizontal
channels [1,2]. This is acceptable for horizontal flow at
high mass flux conditions, where buoyancy forces are
not important. However, for low-flow horizontal chan-
nels, no satisfactory CHF fluid-to-fluid modeling meth-
odology is yet available. To ensure that the reference
CHF data obtained in R-134a in vertical tubes are
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Nomenclature

D inside diameter (m)

G = pu mass flux (kgm2s7")

g acceleration due to gravity (ms~?2)

H enthalpy (kJkg™")

H, latent heat of vaporization (kJkg™')
heated length (m)

)4 pressure (MPa)

q heat flux (kWm™2)

u velocity (ms™!)

Xa actual vapor quality

X vapor quality (thermodynamic)

lim limiting critical quality (thermodynamic)

Greek symbols

o void fraction

A difference

0 thickness (mm)

u dynamic viscosity (Pas™')

p density (kgm™3)
¢ surface tension (Nm™")
Subscripts

cal calculated

cr critical

f saturated liquid
g saturated vapor
hor horizontal

in inlet

1 subcooled liquid
lim limiting

max maximum

min minimum

R R-134a

vert vertical

w Water

w wall

reliable, these data were compared with corresponding
CHF data obtained in water-cooled tubes. Such com-
parison requires that the water data first be converted
into refrigerant-equivalent values using the following
commonly accepted CHF fluid-to-fluid modeling rela-
tionships [3,4]:

e Geometric similarity:

LR :L\)\/7 DR:DW (1)

e Hydrodynamic similarity

[L _[L
(=) e L) ]y

L R (3)
e Thermodynamic similarity

XerR = Xerw (4)

If these similarities are satisfied, then the dimensionless
CHF, which is expressed as

{qufgL B {G‘Igfiw (5)

will also be the same for both fluids (note that subscript
R refers to refrigerant and subscript W to water).

The CHF look-up table [5] was used in the compari-
son, as it represents a normalized CHF database for
vertical upward flow of water in 8-mm tubes. The table
was converted into the R-134a-equivalent conditions

using Egs. (1)-(5). A simple correction was applied for
tubes whose diameter was different from the reference 8
mm:

CHF, D\"
CHFD:S mm B (§ ) (6)

where D is the inside diameter of a circular tube in mm,
and the commonly accepted value of the exponent n is
—0.5 [5]. The combination of the look-up table and
fluid-to-fluid modeling, as described above, permits
comparisons of CHF data sets for different fluids and
different diameters.

2. Literature review
2.1. Experiments

Becker [6] identified the various flow regimes during
flow boiling along the length of a horizontal tube: single-
phase flow, bubbly flow, plug flow, slug flow, wavy flow,
and annular flow. He concluded that, at the beginning of
wavy flow, an upstream dryout at the top of the tube can
occur, in addition to that occurring at the tube end
(downstream dryout).

Robertson [7] investigated the CHF in horizontal
water-cooled tubes. He found that the limiting critical
quality region can occur in both horizontal and vertical
tubes, and that the CHF drop in that region in verti-
cal tubes can be much more severe than in horizontal
tubes. The limiting critical quality region in horizontal
tubes appeared at lower qualities, compared to verti-
cal tubes.
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Merilo [8] conducted experiments in R-12 and water
in horizontal tubes. He observed upstream dryout in
horizontal tubes over a wide range of mass fluxes. Based
on the experimental data, it was stated that scaling laws
for CHF in vertical tubes do not apply to horizontal
tubes, except at high mass fluxes, where the difference
in CHF values between vertical and horizontal tubes
disappears. In a later paper, Merilo [9] proposed new
criteria for the fluid-to-fluid modeling of CHF in hori-
zontal tubes. However, no single set of fluid-to-fluid
modeling criteria can work well within the full range of
critical qualities and mass fluxes because of the presence
of different CHF mechanisms, especially on both sides of
the limiting critical quality regions in vertical and hori-
zontal tubes.

Merilo and Ahmad [10] studied the orientation and
diameter effects on CHF in tubes (ID of 5.3 and 12.6
mm) using R-12 as coolant. The investigated range
covered two pressures (1.05 and 1.52 MPa), mass fluxes
from 1600 to 8100 kgm~2s~!, and heated lengths from
1.03 to 3.05 m. Merilo and Ahmad [10] found that, at
low mass flux values, the CHF was lower for horizontal
flow than for vertical flow. With increasing mass flux,
the vertical and horizontal CHF results converged. At
mass fluxes of 4000 kgm~2s~! and above, the CHF
values were essentially identical. The observed diameter
effect on CHF depended on the analysis approach. That
is, for the constant inlet conditions approach, the dia-
meter effect in horizontal flow was expressed as CHF ~
(D12_6/D5,3)0'36 and in vertical ﬂOW, CHF ~ (D]z_ﬁ/Dsg)OA
at p = 1.05 MPa, G = 2720 kgm~2s7!, x;, = —0.1, and
L =2.44 m. For the constant critical quality approach
at p = 1.05 MPa, the diameter effect in horizontal flow
was expressed as CHF ~ (D12,6/D5,3)’0'63 at x, = 0.3,
and in vertical flow, CHF ~ (D]2_6/D5_3)’O'64 at x, = 0.4.
A vertical drop in CHF was present in their plots of
CHF versus critical quality. However, this CHF drop
was not identified as a limiting critical quality phe-
nomenon.

Kohler and Hein [11] performed a detailed study on
flow boiling in vertical and horizontal tubes with water.
From their measured CHF locations and wall-temper-
ature distribution (axially and around the tube perime-
ter), they postulated the existence of various two-phase
flow regimes. Fig. 1 shows the variation in CHF and
wall temperature along the top and bottom of a hori-
zontal tube, for a mass flux of 500 kgm=2s~! and a
pressure of 10 MPa. The drypatch locations are also
shown schematically. Kohler and Hein’s findings are in
agreement with those of Becker [6].

2.2. Predictions of the orientation effect on CHF
Taitel and Dukler [12] developed a model for flow

regime transitions in horizontal and near-horizontal
two-phase gas-liquid flow. A generalized flow regime
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Fig. 1. Effect of gravity on heat transfer and CHF in horizontal
tube [11]: water, p = 10 MPa, G =500 kgm~2s~!, D =243
mm.

map that is valid for a wide range of fluids and flow
conditions was proposed.

Merilo [9] developed the following non-dimensional
equation for predicting the CHF in horizontal flow:

q u 218 7\ -0
< — 575Re "M(ZBo) " | L (—)
GHfg ( ) ,ug D

X <ﬁ— 1) | (1= x;)"* ™)

Pe

where ¢,/ GHy, is the Boiling number, Re = GD/y; is the
Reynolds number, Z = u;/+/dDp; is the Ohnesorge
number, and Bo = (p; — p,)gD* /o is the Bond number.
Eq. (7) correlates 462 R-12 and 143 water data points,
with an rms error of about 9%. However, the analysis of
the present R-134a data showed poor agreement of the
data with the above prediction method in some flow
conditions.

Groeneveld et al. [13] slightly modified the Taitel—
Dukler flow regime map, and postulated that the CHF
varied from a value that was equal to the vertical tube
CHF at the homogeneous annular flow regime, to a
value of zero at the stratified flow regime boundary,
where the waves were assumed to be unable to wet the



4438 LL. Pioro et al. | International Journal of Heat and Mass Transfer 45 (2002) 4435-4450

top part of the tube. Groeneveld et al. [13] proposed the
use of a correction factor to relate the CHF in horizontal
tubes to the corresponding value for vertical flow, for
the same value of pressure, mass flux, and x.,:

Gerhor = chr vert (8)

where g verr 18 the reference CHF value for vertical flow
from the water-based look-up table [5]. Thus, a CHF
correction factor K to the vertical tube case was pro-
posed, which varied linearly from 0.0 to 1.0, based on
the dimensionless groups that were used for predicting
the flow regime boundaries. Later on, Wong et al. [14]
proposed an analytically-based expression for K:

0.5
K=1-exp f(%) 9)
1—x\? G
9= CRe’O'z( ) 10
? L —a ) gDpi(p; — pg)a®? (1

where C; and C, are constants (C; =3 [14] and
C, = 0.046 [15]), Re = (GD/u;)(1 — x,) is the Reynolds
number, x, is the actual vapor quality, and « is the void
fraction. This method of calculating CHF in horizontal
tubes based on Egs. (8)-(10) requires different correla-
tions and iteration techniques, when there is non-equi-
librium between the phases, i.e., for low qualities and
subcooled conditions. Wong [16] suggested using the
Saha and Zuber correlation [17] to evaluate x,. The
approach of Groeneveld and Wong was recommended
by Tong and Tang [18].

The ESDU [19] proposed a method that was based
on a correlation for the ratio CHF;/CHFy,,. This ratio
depends primarily on a mass flux ratio, i.e., the ratio of
the actual mass flux to the minimum mass flux that is
necessary to avoid flow stratification.

Kefer et al. [20] studied the orientation effect on CHF
in inclined tubes (inclination angles 0°, 15°, 30° and 90°,
and tube IDs of 12.5 and 24.3 mm) using water as the
coolant. The investigated range covered pressures from
2.5 to 20 MPa, mass fluxes from 300 to 2500 kgm=2s7!,
and a heated length of 7 m. A modified Froude number
was introduced to quantify the effect of orientation, and
is defined as
Fr— Y@ - (11)

[gcos d Dp,(pr — py)]

where ¢ is the channel inclination angle (¢ = 0° corre-
sponds to a horizontal tube). Kefer et al. [20] observed
that the stratification effects are pronounced for Froude
numbers less than 7. At Fr > 10, the orientation effect
has no impact on dryout.

Celata and Mariani [21] proposed setting a limit for
the effect of tube orientation on CHF in flow boiling,
based on a value of their version of a modified Froude
number:

Gcos ¢

[ D( Pt =Py )} 0.5
Pe| 8P\ =5

They found that the effect of orientation disappears at
Fr > 5-7. However, the experiments with water flow
boiling in horizontal and vertical tubes by Celata et al.
[22] showed that the orientation effect disappears at
higher values of the Froude number (£ > 20).

Fr=

(12)

2.3. Limiting critical quality in horizontal flow

The limiting critical quality phenomenon refers to a
sharp change in the slope of the CHF versus x,, trend at
the so-called “limiting critical quality”, or xi™ value,
which depends on flow conditions and tube diameter.
The rapid change in the CHF versus x., slope is caused
by a change in the CHF mechanism in the annular
flow regime, from the so-called entrainment-controlled
dryout to deposition-controlled dryout. Entrainment-
controlled dryout is typical for x. < xi™ where the
liquid film is fairly thick, and is depleted by a combi-
nation of entrainment and evaporation. During deposi-
tion-controlled dryout, the liquid film is too thin to
permit significant entrainment, and film dryout can only
be prevented by significant droplet deposition [23].

The evidence for the existence of this phenomenon in
water CHF tests for vertical upflow was reviewed by
Kitto [24], and has been confirmed recently by Pioro
et al. [3,25-29]. This limiting critical quality phenome-
non can result in a significant CHF reduction (under
some flow conditions, CHF can be reduced by up to 15
times in vertical tubes [3]).

The limiting critical quality phenomenon has also
been observed in horizontal flow. Kutepov et al. [30]
summarized findings in Russian literature regarding
differences in the limiting critical quality values in hori-
zontal and vertical flows.

Merilo and Ahmad [10] measured the CHF in a hor-
izontal tube in R-12, at a mass flux of 2700 kgm2s~!.
They noticed very steep portions of the CHF versus
critical quality curve, which are typical of the limiting
critical quality phenomenon.

Kohler and Hein [11] conducted CHF experiments
with water in horizontal tubes, and also found that at
some flow conditions, the CHF drops rapidly at an
almost constant critical quality value.

More details about the limiting critical quality in
horizontal and vertical tubes cooled with water and R-
134a can be found in Pioro et al. [31].

2.4. Conjugated effect

An additional effect that may mitigate the temperature
excursion at CHF in horizontal tubes is the conjugated
effect (due to circumferential heat conduction within the
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tube wall) [11,32-34]. According to Pioro et al. [33,34],
variations in tube wall thickness from 0.5 to 3 mm, and/or
variations in the value of the thermal conductivity coef-
ficient from 15 (stainless steel) to 400 Wm~' K~! (copper)
can increase the CHF values up to two times.

3. Experiments
3.1. General

The experimental study was performed in the Uni-
versity of Ottawa’s multi-fluid loop, using R-134a as a
coolant. The main components of the loop are the test
section (which can be oriented horizontally or verti-
cally), the condenser, the pressurizer, the preheater, the
heat exchanger, two pumps (connected in series), power
supplies for the test section (DC, maximum 40 V x 300
A) and for the preheater (DC, maximum 40 V x 150 A),
and related instrumentation (flow meter, thermocouples,
data acquisition system, voltmeter, ammeter, pressure
transducer with sensor, etc.). Further details may be
found in [3].

3.2. Test section

The same test section was used for the vertical and
horizontal channel tests: an Inconel 601 tube, with a
6.92-mm ID and a maximum heated length of 2 m. The
tube was electrically heated by direct current. The heated
length was varied to provide a maximum variation in
critical quality. To detect dryout, thirty pairs (located at
the top and bottom of the test section) of fast-response
K-type thermocouples with self-adhesive backings were
used.

3.3. Test procedure

Before each series of CHF experiments, a heat-bal-
ance test was performed to check whether all instru-
mentation systems were working correctly. As well, CHF
points were periodically measured (at fixed conditions) to
assure the repeatability of the data. A comparison of the
repeat CHF points over a period of several years did not
show any significant differences (about 1%) [3].

Just prior to CHF occurrence, all test conditions were
stabilized, and the power to the test section was raised in
small steps. CHF was defined as the first detected oc-
currence of a wall temperature excursion at the down-
stream end. All CHF data points presented here were
obtained when the dryout location was just upstream of
the power terminal at the test section exit. For the hori-
zontal test section, CHF always occurred first at the top
of the test section; for several test series, subsequent
CHF occurrences at the bottom of the test section were
also obtained. At CHF, all values of the parameters

were recorded. In preparation for the next run, the
power to the test section was decreased, and the coolant
temperature at the test section was changed to the next
matrix value (the usual inlet temperature increment was
about 2-3 °C). To extend the critical quality range to
higher values, two-phase flow at the test section inlet was
used for the maximum heated length of 2 m. Two-phase
flow was generated in the electrically heated preheater
by resistance heating. The outlet quality from the pre-
heater was calculated from a heat balance, and this value
was used as the inlet quality to the test section. To check
that two-phase flow at the test section inlet does not
introduce additional uncertainties to the CHF, addi-
tional measurements were obtained with shorter heated
lengths and a two-phase inlet. This resulted in an over-
lap on a CHF versus x.; plot of single-phase and two-
phase inlet data (see also Section 4.2). No significant
effect of the two-phase inlet on CHF was noted.

The test conditions are listed in Table 1. The inlet
temperature ranged from the lowest possible value to the
saturation temperature. The minimum inlet temperature
depended on the cooling water temperature, and varied
from 3 °C in winter to 22 °C in summer. The equivalent
water-based conditions are also shown in Table 1.

3.4. Experimental errors

Heat balance tests showed that the heat loss ranged
from 0% to 2% (in absolute values, not more than 20 W
for the test section, and 50 W for the preheater) of the
total power input. CHF measurement errors were less
than 3.5% (5.5% for the experiments with two-phase
flow at the inlet). Errors for measuring mass flux and
pressure were less than 0.3% and 1%, respectively. The
temperatures were measured with an accuracy better
than £0.5 °C.

4. Test results
4.1. General

The tests results are presented graphically in three
ways:

Table 1
Test matrix conditions in R-134a and their water-equivalent
values

pr (MPa) pw (MPa) Gy, kgm—2s7!

1.31 8 - 1423 2846 4269

1.67 10 707 1415 2830 4245

2.03 12 - 1398 2796 -
Gg, kgm™2s7!

500 1000 2000 3000
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e As CHF versus critical quality. This permits the com-
bination of all data obtained for a given pressure and
mass flux, irrespective of heated length (which varied
from 0.45 to 2 m) or two-phase flow inlet. The R-
134a-equivalent data from the water-based look-up
table for vertical tubes [5] were added to the plots.
The critical quality was calculated as follows:

4q.L
GDH;,’

Xer = Xin + (13)
where Xin = ([‘I] in — Hf)/Hfg.

e As CHF versus inlet quality, for all heated lengths
that were tested.

e As CHF versus inlet quality, for one normalized
heated length (1.98 m). This permitted the combina-
tion of all heated lengths and single- and two-phase
flow inlet data. The latter comparison provided an
extra check on the consistency of the data, because
the CHF versus x;, plots generally show a linear trend
for x;, < 0. The conversion to the equivalent heated
length of 1.98 m uses an adjustment that adds an
extra heated length (AL) to the shorter tubes and low-
ers the inlet enthalpy by AH, , such that the heat bal-
ance across the added heated AL is satisfied. The inlet
quality for the normalized heated length is calculated
according to

49,(1.98 — L)

14
GDH, (14)

Xin|z—1 98 m = Xinl; —

where xin‘L = (I_[lin - I_II)/I_Iig

Also, the data from the look-up table were converted
into inlet quality conditions as follows: (i) through
scaling laws (Egs. (1)—(5)), the CHF data were converted
from water to equivalent R-134a conditions; (ii) ac-
cording to Eq. (6), the correction for D was applied; and
(iii) through the following equation, the value of inlet
quality was determined based on the same normalized
heated length (L = 1.98 m) as the rest of the experi-
mental data:

B 4¢..1.98

" (15)

Xin|z—1 98 m = Xor

4.2. CHF versus critical quality

Figs. 2a, 3a.,d, 4a, 5a,c, 6a.,c, 7a and ¢ show the CHF
as a function of x. for all test conditions. Each figure
shows the CHF data obtained in vertical and horizontal
tubes and the CHF R-134a-equivalent predictions from
the CHF look-up table [5], adjusted to a 6.92-mm-ID
vertical tube. Where obvious, the limiting critical quality
for each orientation is also shown in the graphs. The
graphs generally confirm the expected behavior, i.e., (i)
for high mass fluxes, the CHF for vertical and horizontal

channels is the same, and (ii) for lower mass fluxes, the
CHF in horizontal channels can be significantly lower
than in vertical channels. A unique feature of this ex-
periment was the wide range of critical qualities. This
range permitted three separate regions to be distin-
guished over the mass flux range of 5002000 kgm2s~!:
Region 1 for x, <xim  Region II for xim < x, <
xlim

tim » and Region III for x. > xlim _(the regions are
added to Figs. 2a and 3a). Each region appeared to have
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Fig. 2. Effect of quality on CHF in vertical and horizontal
tubes (D = 6.92 mm): R-134a, p =1.31 MPa, G =1000 kg
m~2s~". (a) Effect of x.., (b) effect of x,, data for tubes L = 0.45,
0.65, 1, 1.5 and 1.92 m converted to L = 1.98 m; look-up table,
L=198 m.
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Fig. 3. Effect of quality on CHF in vertical and horizontal tubes (D = 6.92 mm): R-134a, p = 1.31 MPa, G = 2000 kgm2s"!. (a)
Effect of x, (b) effect of x;,, data for tubes L = 0.45, 1 and 1.92 m converted to L = 1.98 m; look-up table, L = 1.98 m, (c) effect of x;,,
pairs of symbols in rectangulars for details see (d), (d) effect of x,,, pairs of closed symbols connected with solid lines have same values

of inlet quality and heated length (see (c)), arrows show comparison for x., = constant.

a different CHF,,,/CHF . ratio, and the following gen-
eral observations were made:

e The largest decrease in CHF due to the orientation

effect appears to be in Region II, while in Region I,
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the decrease in CHF is less pronounced or disappears
altogether, as shown in Figs. 3a, 6a and 7c at
G = 2000 kgm~2s7".

e In Region III, the orientation effect on CHF disap-
pears (Figs. 2a, 3a and 7c¢), or the CHF for horizontal
flow becomes greater than that for vertical flow (Figs.
Sa,c, 6a and 7a).

e For all tested pressures and at a mass flux of 3000
kgm~2s~!, there is practically no difference in the
CHEF for both orientations (an exception can be seen
at p = 1.31 MPa, where there is some difference be-

yond x!m see Fig. 4a).

e The limiting critical quality phenomenon is fairly pro-
nounced for both flow orientations at lower mass flux
values (G <2000 kgm~2s~!, see Figs. 2a, 3a, 5a, 6a
and 7a). The differences between the limiting critical
quality values for both orientations, xim  and xfim
become smaller with increasing mass flux and pres-
sure. This phenomenon is less pronounced or disap-
pears altogether at mass fluxes of 3000 kgm 25!
(Figs. 4a, 6¢ and 7¢). At some flow conditions, the lim-
iting critical quality is less pronounced for a horizon-
tal tube than for a vertical tube (see Figs. Sc and 7a).

Figs. 5c, 6a and c distinguish between the CHF oc-
currence on the top of the horizontal tube, and the
subsequent CHF on the bottom. Note that the bottom
CHF values are always higher than the top CHF values
(Figs. 5c-6d). This is true even for high mass fluxes
(G = 3000 kgm~2s~!, see Fig. 6¢). This suggests that the
liquid film distribution in a horizontal tube is still not
uniform at G = 3000 kgm~?s~!, with a thicker liquid
film on the bottom.

At a high mass flux of 3000 kgm=2s~! and lower
pressures of 1.31 and 1.67 MPa (Figs. 4a and 6¢), and at
a mass flux of 2000 kgm~2s~' and a high pressure of
2.03 MPa (Fig. 7c), there is good agreement between the
horizontal (and also vertical) CHF data and the CHF
look-up table predictions [5].

The CHF results obtained with two-phase flow at the
test section inlet (Figs. 2a, 3a,d, 4a, 5a,c, 6a,c, 7a and c)
show acceptable agreement with single-phase inlet data
obtained at the same local conditions.

4.3. CHF versus inlet quality

Figs. 2b, 3b, 4b, 5b,d, 6b,d, 7b and d, present the
CHF results as a function of adjusted inlet quality for
the normalized heated length of 1.98 m. Only Fig. 3c
shows the CHF data for each individual heated length.
As found previously, the differences in CHF obtained
in horizontal and vertical tubes, and the differences
between the CHF results and the predictions based on
constant x;, are much smaller than in the previous
comparisons (Figs. 2a, 3a,d, 4a, 5a,c, 6a,c, 7a and c) for
constant x.,. In general, a linear relationship exists be-

O vertical tube, L=0.45m
o O vertical tube, L=1 m
400 | o vertical tube, L=1.96 m
v Vvertical tube, L=1.98 m, x, >0
— vertical tube, look-up table
® horizontal tube, L=1 m
300 ® horizontal tube, L=1.92 m
[ w horizontal tube, L=1.92 m, x, >0
®
E
S
5 200 -
o
100
0 I I I I
0.0 0.1 0.2 0.3 0.4
(a) Xer
O vertical tube, L=0.45m
O vertical tube, L=1 m
O vertical tube, L=1.96 m
400 v Vertical tube, L=1.98 m, x, >0
—— vertical tube, look-up table
® horizontal tube, L=1 m
® horizontal tube, L=1.92 m
w horizontal tube, L=1.92 m, x, >0
300 -
€
2
5 200
[on
100 -
0 I I I I I I I
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
(b) Xin

Fig. 4. Effect of quality on CHF in vertical and horizontal
tubes (D =6.92 mm): R-134a, p=1.31 MPa, G = 3000
kgm=2s7!. (a) Effect of x., (b) effect of xi,, data for tubes
L =0.45,1, 1.92 and 1.96 m converted to L = 1.98 m; look-up
table, L = 1.98 m.

tween CHF and x;, within a wide range of inlet qualities.
Only at positive inlet qualities we can note a slight de-
viation from the linear trend. This change in slope was
expected; the CHF would have become negative at x;,
between 0.4 and 0.6, if the linearity had continued.

No effect of the heated length is observed in Figs. 2b,
3b, 4b, 5b,d, 6b,d, 7b and d, thus demonstrating that the
normalizing procedure described in Section 4.1 properly
accounts for the heated length effect. The usual heated
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Fig. 5. Effect of quality on CHF in vertical and horizontal tubes (D = 6.92 mm): R-134a, p = 1.67 MPa. (a) Effect of x.,, G = 500
kgm=2s7!, (b) effect of x;,, G = 500 kgm~2s~'; data for tubes L = 0.45, 0.9, 1, 1.3, 1.92 and 1.97 m converted to L = 1.98 m; look-up
table, L = 1.98 m, (c) effect of x.;, G = 1000 kgm=2 s, (d) effect of x;,, G = 1000 kgm—2s~'; data for tubes L = 0.45, 1, 1.1, 1.3, 1.6 and

1.92 m converted to L = 1.98 m; look-up table, L = 1.98 m.

length effect is evident in Fig. 3c, where CHF versus x;,
for various heated lengths is shown, and where x;, is not
adjusted.

The agreement between the CHF look-up table [5]
and the experimental values appears to be closer on a
CHF versus x;, basis, rather than on a CHF versus x,,

basis, for the vertical tube CHF experimental data (as
discussed by Pioro et al. [3]). Only at very low CHF
values, for x. > xlci:", does the look-up table value devi-
ate from the measurements. Note that deviations from
predictions should always be based on a constant x;,,

since this quality is known prior to the CHF test. In
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Fig. 6. Effect of quality on CHF in vertical and horizontal tubes (D = 6.92 mm): R-134a, p = 1.67 MPa. (a) Effect of x.,, G = 2000
kgm~2s7!, (b) effect of x;,, G = 2000 kgm~2 s~!, data for tubes L = 0.45, 0.9, 1, 1.92 and 1.97 m converted to heated length 1.98 m;
look-up table, L = 1.98 m, (c) effect of x.;, G = 3000 kgm~2s~!, (d) effect of x;,, G = 3000 kgm~2s~!, data for tubes L = 0.45, 0.91, 1,
1.92 and 1.97 m converted to heated length 1.98 m; look-up table, L = 1.98 m.

contrast, x.; is not known prior to a CHF measurement;

it is a function of CHF.

Figs. 3c, 5b,d, 6b and d show the CHF predictions
for a horizontal orientation, calculated according to

Merilo [9]. Eq. (7) does not match the experimental data
very well.

Fig. 3c and d explain how small differences in CHF
values in the inlet conditions approach can be exagger-
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Fig. 7. Effect of quality on CHF in vertical and horizontal tubes (D = 6.92 mm): R-134a, p = 2.03 MPa. (a) Effect of x;, G = 1000
kgm™2s7!, (b) effect of x;,, G = 1000 kgm~2s!, data for tubes L = 0.45, 1 and 1.92 m converted to heated length 1.98 m; look-up
table, L = 1.98 m, (c) effect of x.;, G = 2000 kgm 257!, (d) effect of x;,, G = 2000 kgm~2s~!, data for tubes L = 0.45, 1 and 1.92 m
converted to heated length 1.98 m; look-up table, L = 1.98 m.

ated in the local conditions approach, within various

ranges of critical qualities.

5. Discussion

5.1. Orientation effect

One of the primary contributions of this investigation
is the observation that the orientation effect on CHF is

closely linked to the type of CHF, which, in turn, is
linked to the limiting critical quality. The modest re-
duction in CHF due to the horizontal orientation of the
test section in Region I (x,, < xi™ 3 is reasonably well
understood. Here, film dryout in vertical flow is en-
trainment-controlled and occurs simultaneously around
the tube periphery. In horizontal flow, the liquid film on
the top thins faster because of liquid film drainage to the
bottom, and because of the reduced droplet deposition
on the top part of the tube. The faster thinning of the
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Table 2

Values of limiting critical quality and CHF drop (CFy,x/CHF;,) in the limiting critical quality region for vertical and horizontal

tubes (D = 6.92 mm)

p (MPa) G (kgm2s7") Vertical tube Horizontal tube

Al [25] i (CFuu/CHF i) ¥ (CFy/CHFy) A
1.31 1000 0.48 0.48 2.5 0.18 1.8 0.30
1.31 2000 0.29 0.31 23 0.16 2.0 0.15
1.31 3000 0.21 - - 0.20 1.3 —
1.67 500 0.67 0.63 10 0.27 32 0.36
1.67 1000 0.43 0.41 12 0.13 1.5 0.28
1.67 2000 0.25 0.29 33 0.15 2.1 0.14
2.03 1000 0.38 0.39 15 0.14 1.2 0.25

At = (32), L, — (P

cr cr

top film also leads to an earlier attainment of the “lim-
iting critical quality” phenomenon, where the CHF
drops rapidly. These findings are summarized in Table 2,
where both the limiting critical qualities and the values
of CHF 15 (just before xi™) and CHF ;, (just after x!im)
are presented for the vertical and horizontal tests. The
differences in xlcirm and the CHF ratios (CHF,,x/CHF;,,)
decrease with increasing mass flux for a given pressure.
The significant reduction in CHF for Region II
(xlim < xee < xlim ) also appears to be somewhat ob-
vious, a change in dryout type, from entrainment-con-
trolled to deposition-controlled dryout has taken place
on the top part of the horizontal tube; this has not yet
occurred for the vertical flow case. In general, at the
limiting critical quality, the fractional reduction in CHF
for a horizontal tube is smaller than for a vertical tube
(see Figs. 5a,c, 6a and 7a, and the data in Table 2).
The most surprising observation made in this study is
that, in Region III (x; > xim ), the CHF can be higher
for horizontal flow than for vertical flow (e.g., see Fig.
5a and c). This behavior may be explained by the en-
hanced deposition of droplets on the lower part of the
tube (due to the action of the gravity force) resulting in a
much thicker liquid film on the lower part of a hori-
zontal tube, compared to the case of a vertical tube and
the film spreading mechanism (creation of concentric
waves on the liquid film surface). Thus, in the case of
vertical flow, the CHF in Region III is prevented from
occurring solely by droplet deposition. However, this is
not the case in horizontal flow, for which the contribu-
tion of the thicker liquid film on the bottom provides a
source of liquid to the top. This spreading of the liquid
film to the top requires a higher vapor velocity and
continuous interaction between vapor and slow-moving
liquid film. This interaction can create large waves on
the film surface at the lower part of the tube [35,36],
which can result in the spreading of the liquid film to
the upper part of a horizontal tube, thus suppressing
CHF occurrence (so-called concentric waves). The results
suggest that this mechanism of liquid transfer to the top

can be more efficient then the deposition of liquid in
Region III for vertical tubes.

5.2. Parametric trends

Heated length: In general, the effect of the heated
length on CHF in vertical and horizontal orientations
disappears on CHF versus x., graphs, or on plots of
CHF versus x;, that are adjusted to a reference heated
length, as described in Section 4.3. However, for short
heated lengths (L/D < 50) in the vertical orientation,
there is ample evidence from the literature that the CHF
can be higher [5], especially for the annular flow region.

Orientation can affect the CHF in tubes of various
heated lengths, especially if two-phase flow is present at
the inlet of the test section and the two phases are well
mixed. This orientation effect is due to the different time
needed for the flow to stratify at the same two-phase
flow conditions. In a longer tube, the time for stratifi-
cation is longer than in a shorter tube, which leads to a
lower CHF value. Horizontal tubes with short heated
lengths tend to have similar CHF values, compared to
those in vertical tubes.

Pressure: The effect of pressure (p = 1.31-2.03 MPa)
on CHF is shown in Fig. 8a and b for two mass flux
values (1000 and 2000 kgm~2s~!). Both flow orienta-
tions show that, in general, a lower pressure results in a
higher CHF (this universal trend is observed in all fluids
for p/pe ratios greater than about 0.2). The orientation
effect on CHF appears to be less strong at higher pres-
sures and at G = 2000 kgm~2s~! (e.g., compare Figs. 4a,
6a and 7c). One possible reason for this behavior is that,
here, the density difference is smaller and hence, the
tendency towards stratification is correspondingly less
strong. This could also explain the smaller value for
xlim —xlim  at higher pressures. Note that this is par-
tially offset by the lower velocity at higher pressures,
which is responsible for the weaker momentum forces at
high pressures [14].
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Fig. 8. Effect of critical quality on CHF in horizontal tube at
different pressures: R-134a, D =6.92 mm, L = 0.45-1.92 m.
(a) G=1000 kgm~2s7"!, (b) G =2000 kgm~2s~".

Mass flux: The effect of mass flux on CHF is shown
in Fig. 9a—c at three pressure values (1.31, 1.67 and 2.03
MPa). The opposite trends of mass flux on CHF for
vertical [3] and horizontal flow, especially in the annular
flow region at x.; < xi™ are due to two different mech-
anisms:

(1) For vertical flow, film depletion by entrainment is
strongest at the higher mass fluxes; hence, the inverse
CHF/mass flux trend occurs at higher qualities.

(it) For horizontal flow, the orientation effect becomes
significant for mass fluxes less than 2000 kgm—2s~!,

and this counteracts the film depletion effect. This
removes the inverse CHF / mass flux trend and re-
sults in either a small mass flux effect or a decrease
in CHF with a decrease in mass flux (see Fig. 9b,
G =500 kgm~2s7").

5.3. Effect of fluid type

Although R-134a was used as the coolant in this
experiment, it is useful to discuss the impact of the ori-
entation effect in other fluids, as R-134a CHF results are
frequently converted into water-equivalent values using
the fluid-to-fluid modeling relationships (Eqgs. (1)—(5)
given in Section 1). The orientation effect on CHF is
significantly stronger in R-134a than in water at equi-
valent conditions, for the following reasons: (i) the
density difference at equivalent pressures is about 40%
greater, and (ii) the equivalent mass flux is about 30%
lower. The net result is that the momentum forces,
which counteract the tendency towards stratification, are
about 65% smaller in water than in R-134a. This can
also be seen by the modified Froude number of Celata
and Mariani [21] (Eq. (12)) for equivalent conditions;
the Froude number in R-134a is about 50% smaller than
that for water.

The differences in the Froude numbers and other
fluid properties between R-134a and water also result in
different limiting critical qualities. Hence, Regions I-III
will cover different ranges of quality. The quality range
of Region II, where the orientation effect was found to
be the most pronounced, can be expressed by Axim =

fim —xlim _ This value is much smaller (at equivalent
conditions) for water [30] than for R-134a (see Table 2).
Note that Axi™ decreases with increasing flow, although
the effect of pressure on Ax!i™ is less clear.

C

6. Conclusions and final remarks

1. CHF experiments were performed in horizontal and
vertical circular tubes in R-134a covering several
pressures and mass fluxes. To provide as wide a range
of critical qualities as possible, various heated lengths
and two-phase flow at the test-section inlets were
used.

2. At low-to-medium flows, CHF values for a horizon-
tal tube cooled with R-134a can be significantly lower
than those for a vertical tube. The largest decrease in
horizontal tube CHF, in comparison with that in a
vertical tube, was observed at the lowest flow and
for the region where xim < x., < xim

3. The most surprising observation was that, for critical
qualities higher than the limiting critical quality for
vertical flow, the CHF values for horizontal tubes
can be higher than those for vertical tubes. This
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Fig. 9. Effect of critical quality on CHF in horizontal tube at different mass fluxes: R-134a, D = 6.92 mm, L = 0.45-1.92 m. (a)

p =131 MPa, (b) p = 1.67 MPa, (c) p = 2.03 MPa.

behavior is thought to be due to the enhanced depo-
sition of droplets on the lower part of the horizontal
tube (because of the action of the gravity force) re-
sulting in a much thicker liquid film on the lower part
of a horizontal tube, compared to the case of a verti-
cal tube and the film spreading mechanism (creation
of concentric waves on the liquid film surface).

. Usually, initial dryout in a horizontal tube was ob-
served to occur at the downstream end. Under some
flow conditions, initial dryout can occur at locations
that are well upstream from the downstream end of a
horizontal tube.

5.

The CHF fluid-to-fluid modeling technique devel-
oped for vertical flow does not apply for horizontal
flow at conditions where stratification effects be-
come significant, i.e., at mass fluxes less than 3500
kgm~2s~!. At high mass fluxes, the effect of orienta-
tion on CHF was not significant.
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