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Abstract

When dispersed flow enters a heated bend, heat trans-
fer at the outer side is improved, due mainly o impac-
ting droplets which can even rewet the outer wall, under
favourable circumstances. At the inner side of the bend
the wall temperatures first increase to a maximum, after
an axial distance however, heat transfer is improved too,
due to an inward secondary flow bringing coolant from
the outer side. .

Experiments were carried out with refrigerant R12
in electrically heated circular 90°-bends and in a 450°-
coil at different mass flow rates (400 — 2000 kg/m?s)
critical pressure ratios (0.23 — 0.93), heat flux densities
{20 ~ 70 kW/m?), and diameter ratios (14 — 42).

For the technically more important case of non-
rewetting a model was developed predicting wall tempe-
ratures at the outer and inner side of the bend, yielding
good agreement with experimental results.

Nomenclature
velocity [m/s)
mass flux density [kg/m?s)
quality [-]
tube diameter [m]

» 2. diameter, radius of curvature [m]
heat flux density W]
slip ratio (w,/w;)
temperature [K]
enthalpy (kJ/kg]
mass flow rate [kg/s]
density [(kg/m®]
axial distance [degree]
circumferential distance [degree]
heat transfer coefficient [W/m? K]
thermal conductivity [W/mK] i
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1. Introduction

In recent years, there has been a large amount of re-
search in the field of dispersed flow heat transfer, moti-
vated by engineering needs in thermohydraulics of nuclear
reactor safety. However, most of the experimental work
has been carried out in straight, mainly vertical tubes,
with Little work being done in curved tubes. This may
be due to the very complicated fluiddynamic processes
occuring in curved flows.

The flow in a curved tube is three-dimensional due to
a secondary flow superimposing upon the main flow. The
centrifugal force produces a pressure gradient over the
cross-section, assuming its maximum value at the outer
and the minimum at the inner side of the bend. In the
core of the flow, the fluid moves towards the outer side ow-
ing to centrifugal force. Close t6 the wall, where friction
prevails, there is an inward flow due to the mentioned
pressure difference. By this process the secondary flow
forms a pair of vortices, as sketched in fig.1.
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inner side

Fig. 1: Streamlines of the secondary flow

Although a considerable number of papers have been
published on two phase flow in curved and coiled tubes,
there have been comparatively few detailed studies of heat
transfer, especially in the post-dryout region. Some inves-
tigators reported on two phase flow patterns in coils /1,
2/, but mainly at adiabatic air-water-low. Most papers
on two phase flow heat transfer in curved tubes are con-
fined to conditions where the heated wall is completely
wetted /3 — 5/ and correlations only exist for circumfer-
entially averaged heat transfer coefficients. Various inves-
tigations were carried out on critical heat flux in curved-
tubes /6 — 9/. These studies concentrated on the onset of
dryout, which occured in the course of the coil. Some of
the findings are summarized in /9/.



In contrast to the above mentioned studies the dryout
in the experiments carried out occured a long distance
before the curved tube. Thus, dispersed flow with thermal
nonequilibrium and definite conditions already exist at
the bend inlet.

2. Expériments

The experiments were carried out with freon R12ina
test-loop, which is shown in fig. 2. The main components
of the loop are a centrifugal pump, a preheater, an evap-
orator, the test section and a condenser. The test section
consists of a straight vertical tibe and a joint 90°-bend
or a 450°-coil, respectively. The tube is made of stain-
less steel with an inner diameter of 28.5 mm and an outer
diameter of 33.7 mm. Differences in the wall thickness
resulting from bending the tube range between 1.2 and
4.6% of the wall thickness. The test section is uniformly
heated by direct current.
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Fig. 2: Test-loop

The wall temperatures are measured by 60 thermo-

couples (0.5 mm in diameter) which are distributed over
the tube length and circumference.
The vapour temperature is measured in two different
ways. On one hand bare thermocouples are used, that is
to say, the thermocouples are not shielded from impact-
ing droplets. On the other hand a vapour probe is em-
ployed which utilizes inertial separation of liquid droplets
from vapour. The probe is movable in the cross section,
which allows local measurements of the vapour temper-
ature and undisturbed flow during the measurements of
the wall temperatures.

Right after the bend outlet a so-called impedance-
void-meter is installed for measuring the droplet concen-
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tration in different areas of the cross section. It consists
of thin concentric tubes wired to 5 separate capacitors
which are supplied with a high frequency voltage. The
measuring technique bases on the difference between the
dielectric constant of liquid and vapour. The measured
capacities are used as ¢riterions for different vapour frac-
tions. :

A detailed description of experimental apparatus can
be found in /10/ and /11/. -

Heat transfer measurements were performed in 90°-
bends with 200 mm and 610 mam diameters of curvature,
respectively, and in a 450°-coil (D, = 400mm) at various
parameters listed in the following tabulation:

mass flow rate m [kg /mzs] : 400, 680, 1240, 2000
heat flux density § [kW/m?] 20, 30, 40, 50, 60, 70
pressure plbar] 9.5, 19.0, 28.5, 38.0
pressure ratio D/ Perit 0.23, 0.46, 0.70, 0.93
diameter ratio D./D 14, 28, 42

Tabulation 1: Experimental matrix

These parameters were restricted by film boiling in the
straight test section and wall temperatures over 250°C
The quality & at the test section inlet was adjusted
means of the evaporator in such a way that the dry -
always occured 2.5 m before the bend inlet yielding i
conditions as shown in fig. 3.
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Fig. 3: Dispersed flow in a vertical bend

3. Fluid- and Thermodynamic Processes

When dispersed flow enters a curved tube different
heat transfer mechanisms take place alonge the circum-
ference, as can be seen from the different wall tempera-
tures at the outer and inner side of the bend, respectively
(fig. 4). This difference in heat transfer is mainly due to
3 processes: the change in velocity profile, the outward
droplet displacement, and the onset of a secondary flow.

As Ito /12/ found out, the radial pressure gradient
induced by the centrifugal force influences the flow several
diameters before the bend inlet and over a long distance
(30 — 50 D) after the bend outlet. However, this has little
effect on heat transfer in our experiments. Downstream,
in the bend the velocity maximum shifts towards the outer
side, which was confirmed by experimental and numerical
investigations /13~ 15/. This process affects heat transfer
considerably. :
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Fig. 4: Wall temperatures at the outer and inner side

However, the main difference between outer and in-
ner side heat transfer is due to the transverse motion of
the droplets impinging on the outer wall and improving
heat transfer there. Under favourable circumstances even
rewetting of the outer wall is possible (fig. 4). In the
case that no rewetting occurs, two different regions can
be distinguished at the outer side.. In the first one, right
after the bend inlet, there is a steep decrease in wall tem-
perature due to the impinging droplets (fig. 4). In the
following second region, the influence of the droplets upon
heat transfer is appreciably reduced and the wall temper-
atures remain constant or even increase. This is due to
the following reason: Large droplets are deflected less by
vapour flow than smaller ones. Therefore, at the bend
inlet, mainly large droplets with high impact velocity im-
pinge oi the outer wall leading to the above mentioned
steep temperature drop. Droplets reaching the outer wall
in the second region are smaller, with lower impact veloc-
ity and do not improve heat {ransfer considerably.

At the inner side the wall temperatures first increase
to a maximum, due to the reduction of flow velocity and
the liquid deficiency, and then decrease owing to the sec-
ondary flow bringing coolant from the outer side (fig.4).
If the outer wall is rewetted, a iquid film can spread along
the circurnference up to the inner side.

These examples illustrate that heat transfer at the in-
ner side strongly depends on the conditions at the outer
side due to secondary flow, and changes.in the heat trans-
fer at the outer side can be noticed at the inner side after
an axial distance.

4. Influencé of Experimental Parameters upon
Heat Transfer

The influence of parameters varied in the experiments
on heat transfer is manifold and cannot be discussed thor-
oughly here. A detailed study can be found in /11/. In
the.following only the most important results are briefly
explained.

Influence of reduced pressure ratio

The influence of reduced pressure ratio p/p.ri; upon
heat transfer is shown in fig. 5. As can be seen, the
difference between heat transfer in the straight and in
the curved tube decreases with a rising pressure ratio,
along with the ability of the droplets to rewet the outer
wall. These facts are due mainly to the decreasing flow
velocity and the increasing density ratio p,/p; which are
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- Fig. 5: Influence of pressure ratio upon heat transfer

associated with higher pressure. Thereby the droplets
are deflected stronger by vapour flow yielding a smaller
number of droplets impacting on the outer wall and lower
heat transfer coefficients.

Influence of mass flow rate
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An increase in mass flow rate leads to better heat
transfer in the straight and in the curved tube. This is
due mainly to higher vapour velocity, which can be ex-
plained in heat transfer correlations by a higher Reynolds-
number.

If rewetting occurs the circumferential spreading of the
liquid film depends on mass flow rate, as can be seen from
the wall temperatures at the inner side in fig. 6. The tem-
perature profiles show a maximum, followed by a slight
decrease owing to the secondary vapour flow, and then
an abrupt drop indicating the onset of rewetting. This
sharp change in temperature gradient can be utilized as
a criterion of how fast the liquid film spreads along the



circumference. The experimental data show that with ris-
ing mass flow rate the onset of rewetting at the inner side
shifts towards larger bend angles, meaning, the primary
velocity of the liquid film increases faster than the sec-
ondary one.
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Fig. 6: Influence of mass flow rate upon spreading of the
liquid film

Influence of curvature

Variations of the diameter of curvature mainly affect
the circumferential spreading of the liquid film. With ris-
ing diameters of curvature the radial pressure gradient
and consequently the secondary flow decrease, but the
length of the bend increases. The experimental data from
fig. 7 shows that with increasing diameter ratio D./D the
liguid film covers a larger circumferential distance within
a definite bend angle AB. That is to say, the onset of
rewetting at the inner side occurs at smaller bend angles
B. In order to maintain clearness of the plot, the tem-
perature profile for the smallest diameter ratio examined
(D./D = 14) is not plotted in fig. 7. In this case, how-
ever, the liquid film does not reach the inner side within
the 90°-bend.
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Fig. 7: Influence of curvature

5. Distribution of Droplets

Due to the centrifugal force the distribution of drop-
lets becomes inhomogeneous in the course of the bend.
Vapour fractions were measured right after the bend out-

let in five separate areas of the cross section with the

capacitive probe.

Fig.8 displays mean vapour fractions at high mass
ﬂf)w rate and conditions of rewetting. As mentioned pre-
viously the velocity of circumferential spreading of the
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liquid film is low under these conditions. This is con-
firmed by the data of fig. 8, showing that most of the
liquid phase is in the outer region, which rapidly decreases
towards the inner side. The high vapour fraction in the
core of the flow indicates that most of the droplets have
deposited at the outer wall.
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Fig. 8: Vapour fractions at high mass flow rate

Fig. 9 shows mean vapour-fractions characteristic for
experiments where rewetting of the wall does not occur.
In this case droplet fiow is only encountered in the outer
side region, that is to say, a circumferential spreading of
droplets is not possible. This can be explained as follows:
At high wall superheats droplets are pushed out of the
thin boundary layer where the inward flow occurs, owing
to non-uniform evaporation, before covering a noticeable
distance in circumferential direction. Therefore, a mea-
surable amount of liquid can move inward only in the case
that rewetting occurs, and then mainly as a thin film.
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Fig. 9: Vapour fractions in the case of non-rewetting

6. Model and Correlations

For the technically more important case of non-
rewetting a model was developed predicting wall tem-
peratures at the outer and inner side of the bend. Due
to different vapour velocities, vapour temperatures and
droplet concentrations at the outer and inner side of the
bend, shown in fig. 10, the flow channel is divided in an
inner and an outer section. Each is considered separately
and flow conditions are defined which are representative
for the outer and inner side.

Vapour Velocity

Dispersed flow is considered very similar to single
phase vapour flow. Soo /16/ confirmed that gas velocity
profiles in turbulent flow were unchanged with the addi-
tion of solid particles (10 to 250 pm). According to com-
putations by Patankar /14/ and measurements by Rowe
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Fig. 10: Flow conditions at the bend inlet and outlet

/13/ the change in velocity profiles is assumed to be small
from a distance of 45°. Downstream the flow is considered
to be developed with a constant velocity ratio between
outer and inner flow region, which can be well approxi-
mated — according to measurements by Mori/Nakayama
/15/ and Hogg /17/ - by w,,/wis = 2, in the range of
curvature examined. Assuming a slip ratio S=1 the equa-
tions for vapour velocity in the inner and outer flow region

are: .y .
. -z 4
Wyis = Miy ( + ) (1)
Pl Po,is
. 1-z z
Wyos = Moy ( + ) (2)
Pl Pu,08

The continuity equation yields:.
i, + rhos =2 mtoi -

®3)

The increase and decrease in vapour velocity is approxi-
mated by a cosine-function as follows:

Wyis = Wm K(ﬁ)
Woos = wm (2 Kig)
K5 =0.833+0.167 cos(4 5) B <45° )
Kp =0.666 B > 45°
Elimination of the mean velocity w,, results in
K
v,ia = 8 " T 5
Wy, Wy,0. 2 K(/S) ( )
Introducing the relations
C.y = l1-2 z ’ C. = 11—z z
4 Po,is Pl Pvjos

the equations of vapour velocities are obtained from equa-
tions 1 to 5 as

L 2 Thtot Coa (6)
Wypis = =K, T Cax
Ks) Ci.
2- K,
Wy,08 Wo,is K(ﬂiﬁ) (7)

Heat Transfer at the Outer Region

Heat transfer at the outer wall of the bend is assumed
to consist of two heat transfer paths: from wall to vapour
Guv,0s and from wall to droplets §uwa:

(8)

Heat transfer contribution of vapour flow is evaluated ac-
cording to correlations for straight tubes

- -Tv,o.v)

applying the Groeneveld—Delorme—eﬁua.tion /18/

q.w,oa - ém,oa + Guwd

(9)

Gwv,08 = Awy,os (Tw,os

Quv,0s = 0.008348 A”—b"i Re87™¢ py0-6112 (10)
The Reynolds-number is calculated with vapour velocity
from equation (7).

Heat flux transferred to impacting droplets g,,4 can
be calculated from the droplet-mass-transfer rate per sur-
face area gy, the effectiveness of individual droplets ¢ (=
fraction of the droplet which is evaporated on impact with
wall), and the heat of evaporation hyg:

Gda =magechgy =FE hggy (11)
As mg and ¢ are difficult to determine, theterm E =mg ¢
is correlated by an empirical equation. In axial direction
(B-direction) E rises from zero at the bend inlet (8 = 0) up
to a maximum Fpq, at a distance B4, depending on the
liquid mass deposited on the wall, and then decreases due
to evaporation and the reduction in droplet supply. The
largest E-values occur at the outer surface line decreasing
in circumferential direction ((-direction) as follows:

Eg.p) = E(g,p=0) - cO3p 0° < ¢ < 90° (12)

The maximum E,,,. at the outer side (p = 0) was corre-
lated from the present experimental results as:

Era: o (Tw.os-Taat>b( )C(Dc)d (Pv)e
3 =a - -
m Toar D 14
(13)
a=1.1-10"3%, b=0.774, c=—0.069, d=—0.458, e=0.234.
Wall superheats (T, o0 — Tsat), quality & and vapour den-

sity p, in equation (13) are quantities existing at the bend
inlet. The axial distance 8,,,. where E,,,. occurs re-

l—-2z

z

"sulted from experiments as
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£ < 0,70

ﬂmaz = 15°
D —0,32 1-3 —0,42 )
,6,,,"=34,4.(3°) ( P ) £>0,70
(14)

The course of E(g) at the outer side (¢ = 0) was approx-
imated by

Eg) = Emaz - [0,5 — 0,5 cos (ﬁﬂml)] B < Bmez
_ B
E(g) = Emaz B 0B+ <, B > Bmas )
(15



80 =1/(12 - Brmaz)s bo = 5/6, ¢o = Briasf12 :

In order to compute wall temperatures at the outer:side
the gradients of quality d&/dL and of vapour temperature
dT, ,,/dL are required. The increase in quality in an in-
crement AL only depends on the heat transfered to the
droplets Qua )

ded
M\‘.ot h fa
ded = E(g,p=0) * hgg-DdL

The increase in vapour temperature in the outer flow re-
gion can be evaluated as:

dz = (18)

iw® DAL dQua (hoos —R)\ 1
dTn,oa — q ﬂ: - _ Q d.( 408 - l) . (17)
2 Mo‘ z Mos hfg z Cp,v
M. _ Mtat
os T 2—Kp)
1+%?L ( K(ﬁ)ﬁ)

Heat Transfer at the Inner Region

At the inner section of the bend only heat trans-
fer from wall to vapour is considered. Heat flux den-
sity is evaluated similar to equation (9), applying the
Groeneveld-Delorme-equation (equ.10), however, calcu-
lating the Reynolds-number with vapour velocity from
equation (6).

q.u_m,is = Qwo,is (Tw,is - Tv,is) F (18)
The influence of secondary flow upon heat transfer is
taken into consideration by the factor F. F is correlated
by an empirical equation from the experimental results as
follows:

Fﬁ =1 B < 13°

Fs = Fras [0,5 ~0,5 cos (%;f)] 13° < f < 46°

Fs = Frax [’-'B—] B > 46°
ufr+bhf+e -

(19)
a; =1.81-10"%, b, = 0.833, ¢, = 3.833.
The maximum F,,,, was correlated as a function of Rey-
nolds-, Prandtl- number, diameter ratio and density ratio
existing at the bend inlet as:

D d e
Fmaz= Rch = Lo
are (D) (Pl)

a =392 b= -0333, c = —0.345, d = —0.071, e =
—0.085.

The gradient of vapour temperature in the inner flow
region dT, ;,/dL can be easily evaluated from equation
(17), when the term considering heat transfer from wall
to droplets is omitted and the mass flow in the inner re-

gion is applied:

(20)

dhv,ia

Cpo

Gww D dL
2M;, &

dT,;, = 1 (21)
CP’V
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M

+g£ K(B) j
Cou\2-K(B)

Comparison of Computation with Experiment

When the flow conditions at the bend infet are ae-
termined by correlations for straight tubes, the wall tem-
peratures at the outer and inner side of the bend can
be computed by the equations explained in the preceding
section. - Figures 11 provides a comparison of predicted
wall temperatures and experimental results for 90°-bends,
and for the coil up to a distance of 188°. Data from dis-
tances larger than 225° could not be analysed, because at
this distance the flow was strongly disturbed by a welding
seam.
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Fig. 11: Comparison of computation with experiment
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The model was checked at 47 different flow conditions
in the following parameter range:



™ = 400 bis 2000 kg/m?’s
q = 30 bis 70 kW/m?

P = 9,5 und 19,1 bar
D./D = 14 bis 42

A = 0 bis 180°

yielding good agreement with experimental results.

7. Conclusions

In the present study dispersed flow heat transfer in
bends  was investigated experimentally in a large range
of parameters. The most important heat transfer mech-
anisms and the influence of various flow conditions upon
heat transfer were pointed out. A model was developed
predicting wall temperatures at the outer and inner side of
the bend, for conditions of non-rewetting. There was good
agreement between predicted and measured wall temper-
atures, however, more information about developing flow
in bends is required, in order to replace empirical corre-
lations by theoretical equations.
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