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Saturated flow boiling of water in vertical tubes
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Abstract—Accurate heat transfer data have been obtained for saturated flow boiling of water at 160600
kPa in 9.6 and 14.4 mm bore vertical tubes under conditions dominated by convection or by nucleate
boiling. Convection in the annular flow regime is well described by a modified Chen correlation ; a further
modification is required for plug/churn flow. Flow nucleate boiling is shown to be sensitive to surface
conditions whereas convective boiling is not. Saturated convective and nucleate boiling are not additive:
the larger of a_ or &, should be used. Appropriate features of general flow boiling correlations are discussed.

1. INTRODUCTION

IT 1S GENERALLY accepted that experimental data for
saturated flow boiling heat transfer fall between two
limiting classes of behaviour:

(a) apparently convective boiling (heat transfer
coefficient a, dependent on mass flux and quality but
not on wall superheat) ;

(b) apparently nucleate boiling (heat transfer
coefficient «,, dependent on wall superheat but not on
mass flux and quality).

Butterworth and Shock [1] in their 1982 review of flow
boiling noted the popularity of prediction methods
based on Chen’s [2] correlation, having the following
features :

(i) superposition of convective and nucleate boiling
o= + Onbs (1)

(ii) enhancement of liquid-only convection by a
factor F dependent on the local thermodynamic qual-
ity x, e.g. combined in the Martinelli parameter 1/y,,

% = oF(1/x,), graphical )
A
o = 0.0235'1«3,048 Pri* 3)
G(1—x)D
Re, = (Hix) @
1

_ x 0.9 & 0.5 ﬁg_ 0.1
e = M

(iii) modification of the pool nucleate boiling heat
transfer coefficient a,, by a suppression factor S < 1
dependent on the flow conditions, e.g.

tap = oy S(Rey F1-2%), graphical. 6

Some workers, e.g. Shah [3] replace (i) by the
assumption that « is equal to the larger of «_ or o, :

if o, >0, o=a
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if Oy > X,y o= Uy (7)

Gungor and Winterton [4] tested nine saturated
flow boiling correlations, including their own (GW)
development and the Chen and Shah correlations,
against a data bank for water, refrigerants and eth-
ylene glycol in vertical (upward and downward) and
horizontal flow in tubes and annuli. The GW and
Shah correlations performed best, giving 21% mean
deviation in « for all fluids and 17% for water in
tubes, compared to 58 and 30% for the original Chen
correlation. These three correlations apparently
employ different formulations for the convective
enhancement factor F, Chen’s graphical relationship
being approximated by

Chen
F=1+1801/%.)"", 1/xa>1 (8)
Shah
0.04 0.07
F=1.8[1/x,]*" [ﬂ] [f‘l] 9
[1/%:] o, " )]
GW

F=1+137(1/3,)*%+24x 10°Bo"'5.  (10)

Gungor and Winterton introduced a dependence on
heat flux, through the Boiling number, Bo, because
the ‘generation of vapour itself in the boiling process
results in significant disturbance of the (wall) layer’.
For water in the pressure range 160-600 kPa, the
conditions of the work to be described in this paper,
the three convective correlations are in fact rather
similar (Fig. 1). (F—1is chosen as the ordinate, rather
than F, to give more linear plots at small 1/y,,.) This
suggests that the improved performance of the GW
and Shah correlations over the Chen correlation may
be due to the treatment of nucleate boiling, for which
Chen used a now outdated correlation and GW used
the recent correlation in ref. [5]. It is not possible, on
the basis of the reported performance of the cor-
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Bo  Boiling number, ¢/(A,G)

c specific heat [Jkg='K}]

D diameter [m]

F enhancement factor, equation (2), o, /o

G total mass flux [kgm~2s~']

hy,  latent heat [Tkg™']

J¥  dimensionless superficial vapour velocity,
equation (14)

Py reduced pressure

Pr  Prandtl number

P pressure [Pa]

q heat flux [Wm™?]

Re, liquid-only Reynolds number, equation
O]
S suppression factor, equation (6), o, /o,

St Stanton number, ¢/(¢,G)
T temperature [K, °C]
wall superheat [K]

NOMENCLATURE

' thermodynamic quality.

Greek symbols

o heat transfer coefficient [Wm K ']

i thermal conductivity [Wm ~' K]

i viscosity [Nsm™?]

0 density [kgm™*]

¢ surface tension [Nm™']

1/x, Martinelli parameter, equation (5).
Subscripts

c convective

g vapour

I liquid

nb  nucleate boiling
pb  pool boiling

S saturation

w wall.

relations, to distinguish between Shah’s simple treat-
ment of the influence of heat flux by equation (7) and
GW’s more elaborate treatment in which heat flux
affects both a,,, equation (6), and «, equation (10),
which are then added, equation (1). Bennett and Chen
[6] suggested yet another possible dependence of a,
on heat flux. They argued that the original Chen
convective correlation should apply only in the com-
plete absence of nucleate boiling, or if Pr = 1. Other-
wise the disruption of molecular transport at the wall
by bubble growth switches on a correction factor
which is independent of heat flux (cf. GW):

50 N N ' + +

F(Pr # 1) = Pr®? F(Chen). (1)
Their analysis contains an error which leads to a result
incompatible with their physical model: if the heat
transfer is entirely turbulent o, must be independent
of molecular thermal conductivity and the F factor
in any correlation using equation (3) for liquid-only
transfer must contain a factor Pr%®. Gungor and Win-
terton found that ref. [6] generally overestimated the
experimental data; use of the correct factor would
make the agreement even worse. However, Ross et al.
[7], finding that the uncorrected Bennett and Chen

C Chen [2]
S Shah (3]
l o 170 kPa
1 590kPa
+ GW Gungor -Winterton [4]
o q=0
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F1G. 1. Comparison of convective boiling correlations.
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correlation gave good agreement with convective data
used the

for nure refricerants in horizontal tubes
for pure refngerants in horizontal tubes,

assumed dependence on the presence or absence of
bubble nucleation to explain the lower convective
coefficients which they measured for mixtures.

The significantly larger uncertainty in the cor-
relations for two-phase heat transfer, compared to
those for single-phase flow, may be due to inad-
equacies in the correlations and/or in the experimental

data The assumntions behind Chen-tvne correlations
uvava. 1w uoouu.lt) LIVARD UVIMAIM SUVIETUY P VUL LSRG uiviae

have been criticized by Mesler [8], who pointed out
that experiments performed only with axially uniform
heat flux (as most boiling experiments are) cannot
separate the effects of upstream history and local qual-
ity : they cannot test the hypothesis that the heat trans-
fer coefficient depends only on local conditions.
Mesler also argued [9] that conventional deep-pool

neleate hailine ig irrelevant for the verv thin liouid
nuciCate oouing is irrefvant ior inc very ain aquid

films of the annular flow regime, in which very efficient
heat transfer driven by entrained bubbles (rather than
bubbles from stable nucleation sites on the wall) might
occur. It is remarkably difficult either to prove or
disprove the modelling assumptions embedded in the
correlations. The first step must be to confine atten-
tion to accurate data for well-defined conditions, pref-

arahly falling in tha limiting canditinoneg of convacstion.
wi aul)’ 1a1uus Faimarivg uuuuus CULINMILIVILIO UVl VUV YWV LIVAL

dominated or nucleate boiling-dominated heat trans-
fer. Gungor and Winterton kindly made available
their data bank which was examined and extended by
one of us (MGC), confining attention to water in
vertical upflow in round tubes. The numbers of data
points which could then be classified as ‘apparently
convective’ and as ‘apparently nucleate boiling’ were
small and it was gencrally impossible to assess the
accuracy of the data from the published details. It was
concluded that it was essential to extend the range of
accurate data, paying particular attention to measure-
ments at low heat flux in the ‘convective’ mode.

The work described in this paper is a continuation
of previous studies of flow boiling of water in vertical
tubes [10, 11] with further improvements in exper-
imental technique. The difficulties experienced in
achieving high accuracy reinforced the concern over
incorporating all available measurements in data
banks without regard to their accuracy. The diffi-
culties encountered included accuracy of inner wall
temperatures deduced from measurements on the
outer surface, measurement of local saturation pres-
sure to an accuracy compatible with the accuracy of

wall tamnaratiira manonramiant and lamo fase

ywall wiallpuvidiluliy dvasuivinieiie alld lUlls‘lUllll ﬂUW
stability.

Figure 2 shows a sketch of the apparatus used, with
water flowing up a vertical tube with two inde-
pendently-heated sections, a lower ‘steam generator’
(1 on Fig. 2) and an upper ‘test section’ (4) separated
by an adiabatic section (3). This met Mesler’s criti-
cism, in that the thermodynamic quality near the top

of the test section (A\ conuld he seneratad hv a variaty
of 1he test section COWICG DC generaied oy a varnety

of upstream condltlons. Also it made it possible to
measure heat transfer coefficients at low heat flux
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Fi1G. 2. Flow boiling rig: 1, steam generator (a.c.); 2, tran-
sition tube; 3, adiabatic section 4, upper test section (d.c.);
5, heat cAuhaus\.l ; O, pUiiip,; 1, flow meter; u, yl\-hvut\u M 9,

throttle valve ; 10, pressurizer; 11, vacuum.

and high quality without the need for a very long
uniformly heated tube.

The range of conditions previously studied in a
tube of 9.6 mm bore throughout was extended, and
measurements were also made in a tube of 14.4 mm
bore for the adiabatic section (3) and test section (4),
coupled by a short diffuser (2) to the original steam
generator (1) of 9.6 mm bore. The main emphasis was
on measurements at different heat fluxes confined to
low wall superheats in order to establish the existence
of the ‘apparently convective’ regime and whether
it could be correlated in terms of local conditions.
Experiments at higher heat fluxes and wall superheats
investigated the characteristics of the ‘apparently
nucleate’ boiling regime and its interaction with the
convective regime ; these experiments included modi-
fications to the surface finish of the test section. The
restriction of the experiments to water necessarily
excluded the examination of some important param-
eters, notably Prandtl number which only varied
from 1.1 to 1.5. Nevertheless it has been possible to
draw useful conclusions about the appropriate form
of general flow boiling correlations.

2. EXPERIMENTAL METHODS AND

ACCURACY
AW RALY

Figure 2 also shows the remaining components of
the Oxford flow boiling rig. Heat is rejected in water-
cooled condenser/heat exchangers (5). The closed sys-
tem contains deionized water initially degassed by

hailine under vaoin a tanml F10) Gitad
UULLLILE unalr vacuum Au a ani (1v) 1wd wuu an

electrical immersion heater and thermostat, which is
subsequently used to maintain the system pressure at
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any chosen value up to 600 kPa. Degassing is com-
pleted by boiling in the steam generator (1) and vent-
ing gas periodically from the top of the condenser. To
check that it is complete, each batch of tests includes
one with zero heat flux at the test section, in which
observed pressure and wall temperature are checked
against saturation values. If degassing is incomplete,
flow instability occurs, probably a consequence of the
downflow design of the condenser.

The water is circulated by a centrifugal pump (6)
through a variable-area flow meter (7) calibrated to
+1% at its operating temperature of 80°C, a 2 kW
electrical preheater (8) with a controller which main-
tains the exit temperature constant within +0.5 K
and a throttle valve (9) before entering the bottom
of the vertical test section assembly. The assembly
comprises a lower steam generator 2.0 m long, an
adiabatic section 1.5 m long in which the liquid and
vapour develop a near-equilibrium flow pattern and
the upper test section with a heated length of 0.5 m.
The assembly is thermally insulated. Electrical guard
heaters, controlled in four sections, are embedded in
the insulation around the adiabatic and upper test sec-
tions and guard heaters are attached to the heavy
brass electrodes of the upper test section.

The steam generator is a 9.6 mm bore stainless steel
tube heated by the passage of a.c. current from a
variable-tap transformer. Accurately calibrated
instruments are used to determine voltage and current
through it, and the power factor was expected to be
close to 1.0, but the power calculated from their prod-
uct is consistently 3% higher than the enthalpy rise
calculated from the flow rate and temperature rise in
single-phase heating. Experiments at different powers
have shown that the very small heat loss from the
steam generator does not account for the discrepancy.
As the power input is used to calculate the specific
enthalpy of fluid entering the upper test section in
boiling experiments, the apparent electrical power is
corrected by a factor 0.97. The main source of error
in specific enthalpy (and hence in thermodynamic
quality x and Martinelli parameter 1/y,,) is the uncer-
tainty of +1% in flow rate, which has an increasing
effect as x — 0. At 600 kPa the corresponding uncer-
tainty in 1/x, is +£6% at 1/x, = 0.6, decreasing to
+2% at 1/x, = 2.5; the uncertainty at 160 kPa is
about 20% smaller.

The adiabatic section and the upper test section are
formed from a single length of cupronickel tubing,
either 9.6 mm bore with 0.2 mm wall or 14.4 mm bore
with 0.3 mm wall. The 14.4 mm tube is connected to
the 9.6 mm bore steam generator by a conical tran-
sition 80 mm long. The test section is heated over a
length of 500 mm by current from a d.c. rotary gen-
erator with a ripple of less than 0.25%. The current
is determined from the voltage across a calibrated
resistance and the power is calculated from the current
and the test section voltage ; the voltages are measured
to 0.01% by a digital voltmeter. Inside wall tem-
peratures are calculated from measurements of out-
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side wall temperatures at two stations on the adiabatic
section and ten stations on the test section (reduced
to eight stations in later tests on the 9.6 mm tube, due
to damaged thermocouples). The tube material was
chosen to minimize the correction for the temperature
difference across the wall (typically 0.35 K at 100 kW
m~2for 0.2 mm wall). The temperatures are measured
by chromel-constantan thermocouples with cold
Jjunctions immersed in crushed ice and water, indi-
vidually calibrated to +0.05 K against standards
traceable to NPL. The thermocouple beads were
ground flat and cemented to the tube over a pre-cured
electrically insulating layer of epoxy cement 25 um
thick. It was found necessary to adjust the tem-
perature of the guard heaters to within +5 K of the
tube temperature in order to have an acceptably low
heat flow through the insulation. Each thermocouple
is switched manually to a digital voltmeter (accuracy
0.01%) connected to a microcomputer which takes
ten readings over a period of 4 s and displays their
average and standard deviation prior to acceptance
for storage. Four thermocouples are attached at 90°
intervals around the tube at each station on the test
section and their readings are averaged. In the con-
vection-dominated regime the circumferential vari-
ation is typically +2% of the wall superheat, attribu-
table in part to circumferential variations in wall
thickness and heat flux.

The local pressure, and hence the saturation tem-
perature, is calculated by linear interpolation between
readings from pressure tappings at the inlet and outlet
to the test section, connected by 3 mm bore U-tubes
to absolute pressure transducers operating at room
temperature. Early in the programme much difficulty
was experienced with drift in the calibration of the
transducers, making it impossible to match the accu-
racy of temperature measurement. This was overcome
by using high-stability transducers which could be
isolated from the boiling rig for regular in situ cali-
bration against a mercury manometer (to 260 kPa) or
a deadweight tester (to 600 kPa). The accuracy of
calibration is +0.1% of absolute pressure, cor-
responding to +0.03 K in saturation temperature.
The limiting factor then becomes the small variations
in system pressure during the measurement of wall
temperatures. Each recorded pressure reading is the
average of 20 readings taken over 8 s. The inlet and
outlet pressures are measured at the beginning, end
and two intermediate times during the scan of wall
temperatures, and it is assumed that the pressure
varies linearly with time between readings. With this
procedure the agreement between the independent
measurements of adiabatic wall temperature and local
saturation temperature is normally better than 0.2 K.
This is the best indication of the uncertainty in the
measurement of wall superheat and hence of heat
transfer coefficient (5% at a wall superheat of 4 K,
improving to 1% at a superheat of 20K). The over-
all reproducibility of the data was tested by com-
paring run 18 in the convective regime at 160 kPa,
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FiG. 3. Reproducibility in convective regime, runs 18 and 64 (modified surface).

123 kg m~2 s~ ! and x = 0.34 and run 64 at the same
conditions but after intervening experiments over a
period of 6 months and modifications to the tube
surface finish: the plots of « vs x agreed to within
+2% for fully-developed conditions at superheats
exceeding 4 K (Fig. 3). Reproducibility in the nucleate
boiling regime is discussed in Section 4.

Any experimental apparatus is constrained by its
design to particular ranges of operating conditions. A
change in one parameter may necessitate an
accompanying change in another and this must be
remembered when interpreting data. Experiments on
the 9.6 mm bore tube could be performed at mass
fluxes in the range 123-630 kg m s~ and heat fluxes
up to 400 kW m~2. Experiments on the 14.4 mm bore
tube were confined to lower mass fluxes in the range
55-334 kg m~%s~! and heat fluxes up to 100 kW m~>.

Each set of experiments was performed at constant
mass flux and with constant power input to the steam
generator, producing constant quality at the inlet to
the test section. The adiabatic section allowed the
phase distributions, e.g. resulting from the competing
processes of droplet entrainment and deposition in
the annular flow regime [10], to approach equilibrium
so that the flow pattern entering the test section was
not sensitive to the precise conditions of the heating
process in the steam generator. The wall temperatures
in the test section were measured for a series of increas-
ing values of heat flux, previous experiments having
shown that reducing the heat flux again did not cause
hysteresis in the convective regime.

3. APPARENTLY CONVECTIVE BOILING

Typical sets of data, presented as plots of heat trans-
fer coefficient a vs quality x, are shown in Fig. 4. We
are seeking to establish whether there is a regime in
which the heat transfer coefficient depends only on
local flow parameters and not on local heat flux or
upstream conditions. The interpretation of the data is
complicated by thermal entrance effects, by the loss
of accuracy at low wall superheats associated with
very low heat fluxes, by the change of flow conditions

along the test section due to evaporation at higher
heat fluxes and by the possible occurrence of nucleate
boiling.

At low heat fluxes there is a thermal entrance region
over which the heat transfer coefficient decreases by
30-50%. At high inlet quality the entrance region may
extend to the first or second thermocouple station (30—
50 mm heated length) (Fig. 4(a)). At lower qualities it
may extend beyond the fourth station (>160 mm)
(Fig. 4(b)). This is a surprising distance for annular
flow with a turbulent liquid film about 0.2 mm thick :
by analogy with single-phase turbulent flow the
expected length would be about 25 times the film
thickness, say 5 mm. It was argued in ref. [11] that
these long thermal development lengths are consistent
with damping of turbulence at the liquid-vapour
interface but there may well be other explanations.
Thermal entrance effects are not confined to annular
flow. They are observed in the churn flow regime,
which additionally exhibits a ‘thermal exit’ effect (Fig.
4(c)) : the heat transfer coefficient rises sharply over
the last 60 mm of the test section, possibly because
the unsteady flow regime promotes axial mixing with
liquid from the unheated region above the test section.

At high heat fluxes, whatever the flow regime, there
is no detectable thermal entrance region. The heat
transfer coeflicient is approximately constant over the
first part of the test section, e.g. Fig. 4(b) at 200
and 300 kW m~2 Fig. 4(c) at 100 kW m~% This is
interpreted as nucleate boiling, discussed in Section 4.

The wall superheats in the test section must exceed
4 K if they are to be measured within 5% uncertainty.
The requisite heat fluxes generally cause a significant
increase in quality along the test section so that it is
not possible to maintain the equilibrium two-phase
flow developed in the preceding adiabatic section.
Since there is continuous hydrodynamic development
as well as thermal development, there can be no fully-
developed heat transfer coefficient in the sense used in
single-phase flow. Nevertheless it is found that the
plots of « vs x at different heat fluxes (including those
starting in nucleate boiling) merge into a region in
which a(x) is nearly independent of heat flux. This is
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Fi1G. 4. Typical experimental data for water.

taken to be the fully-developed two-phase convective
region, defined by the arbitrary criterion that there
should be less than a 10% change in x(x) for a factor
2 change in heat flux, e.g. the closed symbols on Fig.
4. Data from runs with different initial values of x
merge into the same convective region, e.g. Fig. 4(b),
top right-hand corner.

The fully-developed convective boiling data points,
as defined above, obtained in experiments on the 9.6
mm bore tube are presented on a plot of (F—1) vs
1/, in Fig. 5. This form of correlation successfully
collapses onto one line, within + 10%, data for water
at three nominal pressures of 160, 390 and 600 kPa,
flow rates of 123, 203, 304, 450 and 630 kg m~2s™!
and thermodynamic quality ranging from 0.02 to 0.65.
The lowest heat flux is 30 kW m~?; the highest heat
flux giving some data in the apparently-convective
regime is 400 kW m~2. The correlation is approxi-
mated by

F=1+18(1/%:)", (12)

which coincides with Chen’s original proposal at
1/%.. = 1 but is 28% higher at 1/y, = 40. The data are
in quite good agreement with Shah’s correlation over
the range 2 < 1/, < 20 but there is no evidence of

0.6 < 1/y, <40

the small systematic variation with pressure proposed
by Shah. Gungor and Winterton’s correlation for «,
at zero heat flux lies 30% below the data and the
experimental evidence does not support their proposal
for a significant effect of Boiling number on F at
small 1/y,,, equation (10). For the data in Fig. 4(b) at
x = 0.063, 1/x, = 1.4, the experimental values of «,_
vary by only 5% as the heat flux increases from 77 to
149 kW m~2: GW predict an increase of 22%.

The experiments with the 14.4 mm bore tube were
performed at the same three pressures, at flow rates
of 55, 65, 90, 135, 175, 200 and 334 kg m " s~' and
heat fluxes up to 100 kW m 2. Some of the convective
data sets lie on the same correlation line as the data
from the 9.6 mm tube; other data sets lie on a family
of parallel lines deviating from the original line at
small 1/y, (Fig. 6(a)). The lowest liquid Reynolds
number at any deviation point is 3100, indicating that
laminar-turbulent transition is not the cause. The
deviations appear to coincide with the churn-annular
flow transition defined by the criterion [12]}

JF=1
PR
& [gng(pi _pg)] ’

(13)

(14)
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Fi1G. 5. Correlation of convective heat transfer data for water in 9.6 mm bore tnbe.
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FiG. 6. Correlation of convective heat transfer data for water in 14.4 mm bore tube.
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Similar effects have been observed in flow boiling of

cryogenic and organic fluids (J. M. Robertson, unpub-
lished work at Harwell Laboratory). A simple modi-
fication brings the data for plug/churn flow in the 14.4
mm tube into line with the general correlation (Fig.

6(b))
F=1+18(1/x,)"[JF] °°

e

=1 i

(15)
it Jr<]

JE> 1

(16)

However, this modification is not required for data
from the 9.6 mm tube down to JF = 0.4 so equations
(15) and (16) do not properly represent the effect of
tube diameter. Further investigation is required of
convective heat transfer in the plug/churn regime,
which coincides with small values of 1/y,,. Given the
complications introduced by flow transitions and also
the experimental difficulty of determining small values
of 1/, accurately, it is not surprising that existing
correlations are in poor agreement for 1/, < 1. Fur-
thermore, Sekoguchi er al. [13], in work based on
measurements in uniformly heated tubes, suggest that
the influence on . of non-equilibrium voidage gen-
erated in the subcooled boiling region will persist to
a positive thermodynamic quality xz which may be
reformulated as

w0299 _ 98B0 g oAT 17
e =0 ahy, St T hy (7

For x < xy they use an empirical expression for
the actual quality, predicting an increase in 2. with
increasing heat flux, as in the Gungor and Winterton
correlation but for different reasons. However, in the
experiments with water described in this paper
glo. < 25 K 50 x < 0.01, which is below the exper-
imental range of conditions in the convective regime.

In the turbulent annular flow regime the simple
form of correlation F = F(1/y,,) in equation (12) pro-
vides a satisfactory correlation of ‘fully-developed’
convective heat transfer, including the weak effect of
tube diameter. The satisfactory performance of a cor-
relation containing several fluid properties in com-
bination does not necessarily mean that the influence
of any one property is being modelled correctly.
Cooper employed the similarity in the variations of
properties with reduced pressure Py, to produce a sim-
ple correlation for nucleate pool boiling [5, 14]. Apply-
ing a similar technique of least squares fitting to all
our convective data in the annular flow regime pro-
duced an expression

0.874
X

'(1 _x)o.son

GO_(M‘)qO.OZ()

412
Py

F-1= - (constant) (18)

so our data confirm directly that mass flux and heat
flux have little effect, as implied by the Chen cor-
relation.

In other respects, equation (18) looks very different
from expressions such as equation (12), which is also
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from our data, but uses the Martinelli parameter.
However, they are in fact quite similar, as is shown
by expressing the Martinelli parameter (equation (5))
in terms of Py, since [p,/p,]**[pg/1]™" is closely pro-
portional to P2 ** for water in this range (and indeed
for most fluids-—it arises from p, varying roughly in
step with pressure). Thus equation (12) becomes

0.738

Feolmm o
(1—x)* 738 pl.isa

* (constant) (19)

which differs from equation (18) principally by having
powers of (1 —x) differing by 0.238. If data were avail-
able for larger x (larger 1/y,,), then it should be poss-
ible to decide what that power should be. More data
should also determine whether an equation such as
cquation (18) (in which powers of x and (1 —x) are
independent, and fluid properties are independently
represented by a power of Py) provides significant
improvement over equations such as equation (12) (in
which the Martinelli parameter is used, so powers of
x and (1 —x) are linked equal and opposite, and are
also linked to powers of fluid properties). Further
accurate convective data are therefore required,
ideally involving all of : larger values of 1/y,,, a wider
range of pressure, and fluids other than water. Unpub-
lished data (J. M. Robertson and V. V. Wadekar at
Harwell Laboratory) indicate that equation (12)
is inaccurate for liquids with large values of Prandtl
number. The published data for non-aqueous fluids
in the Gungor and Winterton data bank are for
refrigerants with nucleate boiling occurring and for
ethylene glycol [6]. The convective data for ethylene
glycol should be disregarded, having been obtained in
a rig with two-stage heating in which the upper test
section was only 25 mm long, introducing large errors
due to the thermal entrance effects described above.
The convective data of Ross ez al. [7] for Refrigerants
152a and 13Bl, although suitable in other respects,
were obtained in horizontal tubes.

An accuracy of +10% in a correlation scheme
based only on local conditions may well be acceptable
for the design of systems with uniform or near-uni-
form heating, where a major source of uncertainty
is the prediction of two-phase pressure gradient and
hence of local saturation temperature. Further
refinement requires examination of the small depen-
dence of «, on heat flux ¢, as revealed by equation
(18). The smaliness of the effect does not guarantee
that the mechanism of heat transfer is purely convec-
tive. The residual effect of ¢ may be due to the hydro-
dynamic flow development accompanying evap-
oration (which can be examined using an annular flow
model such as HANA [15]), or due to some local
bubble-related mechanism. Gungor and Winterton’s
[4] proposal has been shown to greatly overestimate
the effect of ¢ on .. Bennett and Chen’s [6] suggestion
that any level of bubble nucleation at the wall should
cause the same enhancement of &, might be expected to
apply only above some threshold superheat dependent
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Fi1G. 7. Anomalous measurements of «, at low AT,.

on the wall nucleation characteristics: it has been
noted in Section 2 that modification of the wall finish
(on a scale leaving it still hydrodynamically smooth)
had no detectable effect on «, at superheats above 4 K.
Carroll and Mesler [9] suggested mechanisms which
would introduce bubbles into the liquid film in annu-
lar flow at very low wall superheats or indeed even
during condensation. Measurements of a, at very low
superheats hit the problem of experimental accuracy
discussed in Section 2. Some anomalously low
measurements of a, (not included in the correlated
data) were recorded at wall superheats below 3 K
(Fig. 7). The validity of the data and other aspects of
the effect of ¢ on o, are being examined further (A.
M. Ribeiro, unpublished work at Oxford University).
In the next section discussion reverts to bubble
nucleation at high wall superheats and the interaction
with convection.

4. APPARENTLY NUCLEATE BOILING

As the heat flux is increased, keeping other con-
ditions the same, the heat transfer coefficient becomes

dependent on the heat flux. The thermal entrance
region characteristic of heat transfer at low heat flux
is replaced by random axial variations in « about
an approximately constant value ; the circumferential
variations in wall superheat increase from the +2%
typical of the convective regime to +10% at some
measuring stations. In this ‘apparently nucleate boil-
ing’ region a is approximately constant along the test
section despite increase in quality x, until it meets the
‘fully-developed convective’ line established in tests at
low ¢ (Fig. 8). This constancy of « applies even if the
quality increases sufficiently to cause changes in flow
regime, e.g. run 13 at 300 kW m~2in Fig. 8, in which
o increases by 6% as x increases from 0 (bubbly flow)
at station 2 through plug/churn flow to 0.076 (annular
flow) at station 9 and a, /o increases from 0.25 to 0.67.
Within the limits of accuracy set by the circumferential
and axial variations in a in nucleate boiling and the
10% uncertainty in a,, there is no evidence to support
Chen’s assumptions that a, and a,;, are additive with
a,, modified by a continuously varying, flow-depen-
dent suppression factor. It appears that a is equal to
the larger of a, or a,,;, as in equation (7). The general
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FiG. 8. Data in nucleate boiling regime.

application of this conclusion should be qualified by
noting that it is derived from tests on very thin-walled
tubing which might modify nucleate boiling: in tur-
bulent convection the local variations in heat flux
due to turbulent bursts occur at continually varying
positions but in nucleate boiling from stable
nucleation sites lateral temperature gradients are
established which depress the temperature at the sites,
reducing their activity [16]. (Compare this model with
the assumption behind Chen'’s suppression factor that
the temperature gradient normal to the wall in the
liquid reduces bubble activity, despite the evidence of
very effective nucleate boiling in large temperature
gradients at high subcooling.) A very thin wall accen-
tuates the temperature depression at active nucleation
sites. Shah [17], discussing the application of his cor-
relation to cryogenic fluids, noted three cases in which
cquation (7) underestimated o by a large margin: all
were for thick-walled copper test sections which would
minimize the consequences of lateral conduction.
The total heat transfer coefficient x at high heat
flux, now identified with «,, if » > «., has been shown
to be independent of x during any particular run at
fixed mass flux G. Determining whether o, is also
independent of G depends on the reproducibility
between data sets obtained on different days. In con-
trast to the excellent reproducibility in the convective
regime, reproducibility in nucleate flow boiling was
generally poor as shown in Fig. 9 which plots o,
against wall superheat AT,. Experimental rigs for pool
boiling are fundamentally simpler and smaller, with
boiling off the external surface of a heater, so con-
ditions can be more readily controlled. In the most
advanced pool rigs, all details have been meticulously
refined over many years, with conditions chosen to
minimize sensitivity to possible causes of scatter, cven
surrounding the whole rig in an isothermal box, but
nevertheless scatter of order +10% in A7, seems
inevitable, as discussed in ref. [14]. Since ¢ is roughly
proportional to AT, that corresponds to scatter
about +30% in ¢ at given AT, or +20% in %, at
given AT,. In Fig. 9 (original surface) the scatter is
somewhat larger, being about +33% in o at given
AT, This increase is not surprising in view of the much
greater difficulty of controlling flow boiling exper-
iments. There is no consistent variation with G, or with
the chronological order of the measurements (thus
ruling out ageing of the surface as the cause of poor
reproducibility). In these phenomena in which
nucleation is important, data show great scatter,
which may long remain unresolved, since they depend
on unidentified (perhaps unmeasurable) details of sur-
face conditions which affect nucleation. There may bz
a tendency for the data to lie towards the extremes of
the band. as if there were two boiling curves, but that
is not certain. Hysteresis can occur in boiling and lead
to two boiling curves, but it is rarely reported with
water, being more common with organic fluids which
have low values of contact angle, and consequently
few stable nucleation sites. The cxperiments were per-
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formed with increasing steps of heat flux (being a
likely mode of operation of boiling equipment) and
the system pressure was adjusted to maintain approxi-
mately constant pressure at the downstream end of
the test section. The adjustments to achieve steady
state might have introduced some hysteresis but gen-
erally a set of runs on any particular day would foliow
one boiling curve : there is only one instance in which
an increase in heat flux appears to have triggered a
jump from one boiling curve to the other. Thus it is
more likely that the variability in nucleate boiling
depended on the thermal history and degassing
(always to a low level) of the water before a set of
runs. This could vary from a period of several days at
the operating pressure but at ambient temperature, to
degassing of a fresh charge of water and pressurization
immediately before a set of runs. Gas content is
another quantity that is much easier to control in pool
boiling.

For a final series of experiments with the 9.6 mm
tube its internal surface finish was modified by pol-
ishing with a bob rotating at 125 r.p.m. in a stream of
water, moving in and out over the last 350 mm of the
heated length (a) 100 times with a bob coated with
600 grade ‘wet and dry’ paper then (b) 120 times loaded
with fine jewellers’ rouge on felt. This treatment
reduced the surface roughness from 0.38/0.25 to 0.15
um CLA but produced significantly improved heat
transfer in nucleate boiling (Fig. 9). (As noted earlier
it had no effect on heat transfer in the convective
regime.) This behaviour illustrates the inadequacy of
conventional measurements of surface roughness in
the prediction of nucleate boiling. Such measurements
may be of limited value in charting the progressive
stages in a particular form of surface treatment [18].

These experiments have established that the
nucleate boiling heat transfer coefficient o,,(AT,) is
independent of local flow conditions. However, o,
is sensitive to surface conditions, which cannot be
characterized by measurements of surface roughness.
Even on one particular surface «,, may behave incon-
sistently, probably depending on the thermal history
before boiling. Consequently the prospects for accur-
ate correlation of the nucleate boiling regime are poor.

A related parallel study investigated all available
data for nucleate flow boiling of water, including that
obtained in this apparatus. As reported in ref. [19],
the data are remarkably few and very scattered, but
they can be seen to lie generally within the broad
scatter band of nucleate pool boiling, thus providing
general support for Chen’s (and others) decision to
base a,,, on a pool boiling correlation. However, the
data do not even enable a choice to be made between,
say, the pool boiling correlation used by Chen and
more recent ones such as refs. [5, 14]—all must be
treated with reserve, as observed values of a,, may
differ from any prediction by a factor of 2 or more.
An interim recommendation for the correlation of «,;,
is given in ref. [19].

Our work appears to be the first to study how

flow boiling is affected by changing surface conditions
inside a tube, but some earlier studies have considered
nucleation conditions inside as-received tubes. Aou-
nallah [20] found that samples of this tube material
had nucleation site densities one-third of those mea-
sured on flat rolled stainless steel plates. Brown [21],
measuring nucleation site densities by the gas-bubble
technique, observed lower densities inside copper and
stainless steel drawn tubes than on polished flat plates.
Brown’s flow boiling experiments, restricted to arti-
ficially roughened surfaces on the outside of tubes,
showed no effect of surface finish. His limited study
has sometimes been cited as evidence that nucleate
flow boiling is generally insensitive to surface con-
ditions. The present study has shown that this is not
the case. Further investigation is required to establish
whether the inside surfaces of drawn tubes have lower
values of a,, than other surfaces, although any effect
may be swamped by in-service modification by cor-
rosion and deposition in many industrial applications.

5. CONCLUSIONS

These conclusions are derived from experiments on
the saturated flow boiling of water at 160-600 kPa in
vertical 9.6 and 14.4 mm bore thin-walled tubes.

(1) The heat transfer coefficient « is equal to the
larger of the convective coefficient o, or the nucleate
boiling coefficient . The coeflicients are not additive
(within experimental error). Further assessment of
this conclusion is required for thick-walled tubes of
high thermal conductivity.

(2) With extreme care, experimental measurements
of o, are reproducible to +2%. They are unaffected
by variations in small-scale surface finish.

(3) Inthe annular flow regime the ‘fully-developed’
convective coefficient depends primarily on local
parameters a.(p, G, x) and can be correlated within
+10% by a modification of Chen’s expression of
F=u /o as a function of the local Martinelli par-
ameter

F=1+ 1-8(1/X11)0-87> 0.6 < 1/y, <40. (12)

(4) Because of the similarities in the dependence of
saturated fluid properties on reduced pressure, the
success of the correlation for data confined to one
fluid does not prove that it correctly represents the
effects of individual properties. There is evidence that
equation (12) does not apply to some organic fluids
but the Bennett and Chen correction for Prandtl num-
ber should not be used.

(5) In the plug/churn flow regime in the 14.4 mm
bore tube a, lies above the predictions of equation
(12) and F is better correlated by

F=1+18(1/x) Y [JF] "%, JF<1. (15

However, this modification is not required for the
small amount of data in churn flow in the 9.6 mm
bore tube so equation (15) does not provide a gen-
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erally valid prediction of the effects of tube size and
of fluid properties. Further investigation is required
of convective heat transfer in the plug/churn flow
regime.

(6) The determination of fully-developed values of
o, is complicated by (a) long thermal development
lengths, (b) a tendency for «. to increase slightly with
increasing heat flux, (c) occasional anomalies at very
low bheat flux which may be due to experimental errors
at low wall superheats. These effects are the main
causes of the uncertainty in the correlation of «,. If o,
has to be predicted to better than +10% in heat
exchangers with axially varying heat flux, the linked
effects of thermal and flow development will have to
be taken into account, i.e. heat transfer cannot be
correlated entirely on the basis of local conditions.

(7) The nucleate boiling coefficient a,,(p,AT;)
does not depend on flow conditions (flow rate, quality,
regime) and thermal development effects are negligible.

(8) a,;, is sensitive to surface conditions, causing
variations with circumferential and axial position and
following surface modification by polishing. The 9.6
mm tube in as-received condition exhibited day-to-
day variations, probably due to different thermal his-
tories prior to boiling. These features introduce a large
uncertainty into the prediction of a,,, just as in pool
boiling.
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ECOULEMENT AVEC EBULLITION D’EAU SATUREE DANS DES TUBES VERTICAUX

Résumé—Des données précises de transfert thermique ont été obtenues sur I'écoulement avec ébullition
d’eau saturée 4 160600 kPa, dans des tubes verticaux dont les diamétres intérieurs sont 9,6 et 14,4 mm,
dans des conditions dominées par la convection ou par I'ébullition nucléée. La convection dans le régime
d’écoulement, avec anneau liquide est bien décrite par la corrélation modifiée de Chen ; une autre modi-
fication est nécessaire pour I'écoulement poche/bouchon. L’écoulement avec ébullition nucléée est sensible
aux conditions de surface alors que I'ébullition convective ne I'est pas. Les deux ébullitions convective et
nucléée ne sont pas additives: on doit utiliser la plus grande des deux valeurs o, et ay,. On discute des
propriétés respectives des formules pour I’écoulement avec ébullition.
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GESATTIGTES STROMUNGSSIEDEN VON WASSER IN SENKRECHTEN ROHREN

Zusammenfassung—Fiir geséttigtes Stromungssieden von Wasser in senkrechten Rohren mit 9,6 und 14,4
mm Innendurchmesser wurden im Druckbereich 160 bis 600 kPa genaue Wirmeiibergangsmessungen
durchgefiihrt, wobei entweder konvektives oder Blasen-Siedeverhalten vorherrschten. Im Ringstrémungs-
bereich wird das konvektive Verhalten durch eine modifizierte Chen-Korrelation gut beschrieben ; fiir
die Pfropfen-Schaum-Strémung wird eine weitere Modifikation bendtigt. Im Gegensatz zum konvektiven
Sieden erweist sich das Stromungs-Blasensieden beziiglich der Oberflichen-Eigenschaften als empfindlich.
Gesittigtes konvektives und Blasen-Sieden sind nicht additiv: der gréBere der beiden Wirmeiibergangs-
koeffizienten sollte verwendet werden. Fiir allgemeine Stromungssiedekorrelationen werden zweckmaBige
Ansitze diskutiert.

HACBIIEHHBIN [TOTOK KUIAIEA BOABI ITPU TEYEHHMMHU B BEPTHKAJIBHBIX
TPYBAX

Amoramus—TIoJ1y4eHbl TOYHbIE JAHHBIE TTO TEMUIONEPEHOCY B HACHILEHHOM NOTOKE KHISIUEH BOAbI IIPH
nasnennd 160-600 xI1a B BepTHKaNbHBIX TPYOaX ¢ BHYTPEeHHHAM AHaMeTpoM 9,6 u 14,4 MM B yCroBusx ¢
npeo6nafalomyM BIHSHACM KOHBCKUHMH JTHGO My3LIPKOBOTO KHNeHHAA. KOHBEKIMA B PeXHME KOJIbHE-
BOTO TEYCHHA XOPOUIO OMHCHIBACTCA ¢ NOMOINBIO MoAM(HUHPOBaHHOTO cooTHOmenus Yena; B ciyyae
JHCMIEPCHO-CTEPXKHEBOTO TeueHHs Heo6XommMMo aanbHeHiuee ero yrounerue. ITokasano, 410 yciosus Ha
DOBEPXHOCTH OKa3biBAIOT BIHMAHHE HA My3LIPHKOBOE KHIEHHE NIPH TEYCHUH H HE BJIHSIOT HA KHMCHHE B
notoke. Kunenne B NOTOKE M My3BIPbKOBOE KUNEHUE HE ABJAIOTCA aAOMTHBHBIMH nponeccami: Heo6xo-
JMMO HCTIONB30BaTh HamGonbumii u3 koxpdHIHeHTOB o, MM o, . OB6CyXAaIOTCA XapaKTepHbie 0coben-
HOCTH COOTHOLLEHHH, ONMCHIBAIOMIAX KHIICHHE TIPH TCUCHHH.



