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Abstract

Void fraction distributions in horizontal pipes with sudden area contraction have been experimentally investigated[
The experiments are aimed at analysing the e}ect of the singularity characteristics on void fraction pro_les and phase
distribution[ The technique employed to obtain the cross!sectional average void fraction along the test pipes is based on
the instantaneous measurement of the electrical impedance of the airÐwater mixture[ The instrumentation set up consists
of ring electrode pairs placed on the internal wall of the cylindrical test duct\ ~ush to the pipe surface[ Two di}erent test
sections\ a 69:59 mm i[d[ pipe and a 69:25 mm i[d[ pipe have been employed[ Plug and slug ~ow regimes were investigated
in order to obtain the mean void fraction along the channel in _ve di}erent locations upstream and downstream the
singularity[ The analysis of the results\ in terms of mean values and probability distributions\ shows that the charac!
teristics of the ~ow restriction deeply modify the ~ow structure upstream and downstream the discontinuity[ Þ 0887
Elsevier Science Ltd[ All rights reserved[
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Nomenclature

D pipe diameter
De electrode spacing
m¾ mass ~ow rate
p pressure
s electrode width
Us super_cial velocity
x distance from the contraction\ also mass quality
xv gas fraction of volume ~ow[

Greek symbols
a void fraction
r density
s area contraction ratio[
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Subscripts
g gas
l liquid[

0[ Introduction

The ~ow of two!phase mixtures is a common situation
in industrial plants such as chemical reactors\ power gen!
eration units\ oil wells and pipelines[ As it is well known\
the ~ow con_guration and the gasÐliquid interactions in
such systems are a complex function of the ~ow rates of
the two phases\ of their physical properties and of pipe
geometry ð0\ 1Ł[

The ~ow structure analysis is very important to under!
stand the basic two!phase behaviour and develop "or
test# momentum and heat transfer models[ In particular\
considerable e}orts are still being devoted to the evalu!
ation of pressure losses in straight pipes and singularities[
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Several models have been developed to predict the
pressure drop associated with geometrical singularities\
often requiring some knowledge about the phase dis!
tribution along the test channel ð2Ð4Ł[

A fundamental quantity\ that allows the ~ow structure
to be described quite e.ciently\ is the local void fraction\
which can be represented either in terms of time per!
sistence of the gas phase or\ with reference to a mean!
ingful control volume\ in terms of the volume fraction
occupied by the gas phase ð5Ð7Ł[

The knowledge of the space!time void fraction charac!
teristics is even more important for studying the e}ects
caused by pipe obstructions on the phase distribution
along the ~ow channel[ Unfortunately\ few void fraction
data are available in literature due to the di.culties
related to void fraction measurements and they usually
refer to straight pipes[ The e}ects of pipe obstructions
have been investigated by Salcudean et al[ ð8Ł and more
recently by Arosio et al[ ð09Ł[ Nevertheless\ the void frac!
tion data available refer to time averages\ and providing
only partial information on the actual structure of the
~ow[

The work presented here is an attempt to gain a deeper
insight of the airÐwater structure in horizontal pipes when
a sharp area contraction is present[ The experimental
observations regard the cross!sectional average void frac!
tion evaluation in di}erent locations along the test chan!
nel[ This work is part of a program aimed at evaluating
the two!phase pressure drop across sudden contractions
in horizontal pipes ^ the operating conditions investigated
cover the strati_ed\ plug and slug ~ow regimes[ Through
the analysis of the ~ow structure\ the study is expected
also to provide an interpretation of some aspects of the
two!phase interactions[ In particular\ the attention is
focused on the peculiar trend exhibited by the singular
pressure drop as a function of the gas fraction of the
volume ~ow ð1\ 09\ 00Ł[

The measurements reported here are based on the im!
pedance method ð01Ð04Ł[ The technique makes use of an
electronic device able to measure the two!phase medium
electrical conductance picked up by a pair of ring elec!
trodes ~ush mounted to the pipe internal wall[ With
respect to other techniques\ the impedance method is cost
e}ective and allows great time savings to produce cross!
sectional void data[ The probes were calibrated with ref!
erence to the strati_ed and bubble ~ow con_guration ^
some comparison with optical _bre void fraction
measurements con_rmed the reliability of the instru!
mentation adopted[

The test section is a 01 m long pipe\ having a 6 m
upstream part with an inner diameter D of 69 mm and a
downstream part with an inner diameter of 59 or 25 mm[
The tests were performed for di}erent liquid mass ~ow
rates "1[5\ 2[1\ 2[6\ 3[2 kg s−0# and di}erent gas fractions
of volume ~ows "range from 9[1Ð9[7#[ Plug and slug ~ow
regimes were observed[ Void fraction probes are _ve in

number\ two of which _t out the upstream pipe[ The
statistical analysis of the data records allowed the time!
average void fraction and the void probability density
function "PDF# to be inferred[

The analysis of the collected data\ in terms of statistical
indicators "mean values and PDFs#\ shows that the
characteristics of the ~ow restriction deeply modify the
~ow structure upstream and downstream the disconti!
nuity[

1[ Impedance void meter testing and calibration

A quite common technique to study the form and the
extension of the phase interface consists in the measure!
ment of the electrical impedance of the gasÐliquid two!
phase region close to a system of electrodes[ Thus\ once
the relationship between the electrical impedance of the
medium and the phase distribution is provided\ the aver!
age cross!sectional void fraction or a local property "e[g[
the liquid _lm thickness in the annular ~ow regime#
can be inferred\ depending upon the extension of the
measuring region[

Many studies have been carried out on impedance void
meters ] the main evidence is that the measured electrical
impedance across an electrode pair immersed in a con!
ducting liquid is essentially resistive when the frequency
of the a[c[ excitation signal is su.ciently high "09Ð099
kHz for tap water#[ With reference to the conductance
method\ Coney ð05Ł has described the theoretical behav!
iour of ~at electrodes wetted by a liquid layer\ Hewitt ð01Ł
has presented a comprehensive review of the technique\
Merilo et al[ ð06Ł have employed a system of conductive
electrodes generating a rotating _eld[ The studies
reported in ð07Ð10Ł concern the use and calibration of
wire probes for liquid _lm thickness measurements[ Ring
electrodes were _rst employed by Asali et al[ ð11Ł while
Andreussi et al[ ð02Ł and Tsochatzidis et al[ ð03Ł developed
the theoretical bases regarding the response of this elec!
trode con_guration[

In the present work the conductance technique is
applied by means of ring electrode pairs placed on the
internal wall of the cylindrical test duct\ ~ush to the pipe
surface[ An a[c[ carrier voltage of 19 kHz frequency is
applied across each pair of electrodes ^ the frequency was
checked to yield a resistive behaviour of the water by
measuring both the amplitude and phase shift of the
applied voltage signal[ An electronic device converts the
a[c[ signal into a d[c[ signal proportional to the impedance
of the two!phase medium bounded in the measuring vol!
ume de_ned by the two rings[ The technique is similar to
those adopted by other researchers and allows the aver!
age cross!sectional void fraction to be inferred\ once the
relationship between the medium electrical impedance
and the phase distribution is provided[

The calibration curve has been obtained by means of
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the procedures described in ð12Ł[ The assumption adopted
here concerns the possibility to describe the structure of
intermittent horizontal ~ows as if it were constituted of
strati_ed regions separated by liquid regions at low void
fraction "slugs#[ The slug is here considered as a liquid
domain where some bubbles can be present[

Figure 0 shows the results of the calibration procedure
in terms of dimensionless conductance "the ratio between
the two!phase conductance and liquid conductance#[ The
data refer to the strati_ed and bubble ~ow con_guration
and di}erent ring diameters[ The electrode spacing De

and the ring width s have been selected in order to have
small measuring volumes if compared to holdup spatial
~uctuations ] thus the probe aspect ratios De:D and s:D
have been chosen equal to 9[23 and 9[960\ respectively[
It is worthwhile to note that the _tting curve of the
experimental data is in good agreement with the theor!
etical solution proposed by Andreussi ð02Ł[

In order to avoid continuous checking of the electrical
conductivity of the liquid during operations\ the
measured two!phase conductance was always normalised
with respect to the conductance of the full!of!liquid test
pipe\ and then converted into void fraction data by means
of the calibration curve[

The reliability of the measuring technique has been
con_rmed by a comparison with single _bre optical probe
data obtained at {Politecnico| of Milano ð09Ł\ where the
experiments pertain to a test section with an area con!
traction ratio s � 9[45 and a 59 mm i[d[ downstream
pipe[ The impedance probe measurements concern a
69:59 mm test pipe "s � 9[62#[ Figure 1 shows the cross!
sectional average void fraction as a function of the gas
fraction of volume ~ow xv[ Both data sets refer to the
downstream region of the test pipe "D � 59 mm#\ respec!

Fig[ 0[ Calibration curve of the ring electrode probe[ Strati_ed
" _lled symbols# and bubble "open symbols# ~ow con_gurations[

Fig[ 1[ Measured void fraction according di}erent techniques[
Downstream pipe "D � 59 mm#[

tively\ 37 diameters "optical probe# and 59 diameters
"impedance probe# from the contraction[ The agreement
between the di}erent data sets is good\ especially in the
range of gas fractions from 9[2Ð9[5[ For xv values higher
than 9[5\ the optical probe data shift from the linear
pro_le ^ this behaviour is probably due to the stronger
area ratio\ as the analysis "reported below# of the data
collected with the 69:25 mm test section seems to con_rm[

2[ Experimental facility and procedures

The experimental apparatus set up at Ditec\ University
of Genova\ consists of a horizontal test section where air
and water can be mixed to generate the two!phase ~ow
under bubble\ strati_ed and intermittent ~ow regimes[
A complete description of the plant and procedures is
available in ð00Ł[ Transparent pipes allow the inspection
of the ~ow pattern[ The test section is a 01 m long pipe
with a sudden contraction of the ~ow area ] the 6 m long
upstream pipe has an inner diameter of 69 mm while the
downstream pipe has an inner diameter of 59 mm "area
ratio s � 9[62# or 25 mm "s � 9[15#[ The tests were per!
formed for di}erent liquid mass ~ow rates "m¾ 0 � 1[5\ 2[1\
2[6\ 3[2 kg s−0# and di}erent gas fractions of volume
~ow "range from 9[1Ð9[7# ^ the gas and liquid super_cial
velocities were thus found to be in the ranges Ugs � 9[1Ð
5 m s−0 and U0s � 9[6Ð1[4 m s−0\ respectively[

The test facility is equipped with _ve resistive probes\
two of which are mounted upstream the discontinuity
"at 7 and 04 diameters from it\ respectively#\ while the
remaining three are mounted at 3\ 29 and 59 diameters
downstream "59 mm pipe#[ The probes that _t out the 25
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mm i[d[ pipe are located\ respectively\ at 6\ 29 and 69
diameters downstream from the contraction and 5\ 04
diameters upstream[

The signal from each probe was picked up by the
acquisition system at a sampling frequency of 199 Hz
during a sampling period of at least 39 seconds[ A repeat!
ability investigation was performed over 49 test runs and
at di}erent probe locations ] the standard deviation of
the void fraction measurements was found to be 0[4)[
The statistical analysis of the data records allowed the
time!average void fraction and the void probability den!
sity to be inferred[ The probability density pro_les were
_nally employed to identify the ~ow pattern ð13Ł and
determine the ~ow conditions at which the transition
from plug to slug regime occurs[

The test pipe is also equipped with _fteen pressure taps
to measure the pressure pro_les along the upstream and
downstream pipes[ The measurement of the pressure pro!
_les allows the singular pressure drop to be extrapolated
according to a typical method employed in single!phase
~ow studies\ thus enabling the singular two!phase mul!
tiplier to be inferred by comparison with the measured
liquid single!phase pressure drop[

3[ Results and discussion

Some of the results related to the singular pressure
drop evaluation are sketched in Fig[ 2\ together with the
homogeneous model theoretical curve[ As pointed out
in previous work ð1Ł\ the singular two!phase multiplier
exhibits di}erent pro_les depending upon the contraction
area ratios[ In fact\ it was observed that\ for area ratios
greater than 9[3\ the singular multiplier did not mon!

Fig[ 2[ Dimensionless singular pressure drop as a function of the
gas fraction of volume ~ow for two di}erent contraction area
ratios[

otonically increase with the gas fraction of volume ~ow
at constant liquid ~ow rate[ In particular when the area
ratio is great\ the two!phase multiplier shows a maximum
"at xv around 9[4# followed by a minimum[ A possible
explanation for this experimental evidence is the occur!
rence of ~ow pattern transitions as the ~ow rates
increase ^ Fiedel and Schmidt suggested a similar expla!
nation with reference to their own data at high gas quality
ð4Ł[ The examination of the ~ow conditions revealed that
the maximum singular pressure drop occurs roughly in
correspondence with the transition between plug and slug
~ows\ as indicated by the ~ow map of Mandhane et al[
ð18Ł[ For low values of s\ the multiplier monotonically
increases with the gas ~ow rate and the values are always
lower than those predicted by the homogeneous model
theory[ From a theoretical point of view\ several models
have been proposed to evaluate the singular pressure
drop due to a sudden contraction in the ~ow area ð1Ł[
Complex correlations\ such as those reported in ð3\ 4Ł
take into account the void fraction in the upstream and
downstream regions of the channel[ The capability of
such correlations to evaluate the singular multiplier has
been already discussed in ð1Ł and the main conclusions
are that no model is able to predict the particular trends
evidenced by the experiments and that more information
is needed about how the ~ow structure is modi_ed by the
singularity geometry[ In this sense\ the knowledge of the
time average void fraction along the pipe is important[
On the other hand the void fraction ~uctuation analysis
is a more powerful tool to characterise the local ~ow
structure and regime[ The void fraction a can be predicted
according to several relationships[ The correlations of
Banko} ð14Ł\ Armand and Treshchev ð15Ł\ and Chisholm
ð16Ł are based on experimental data while the correlation
of Huq ð17Ł is among the few ones based on theoretical
considerations[

In what follows\ to perform some comparisons with
the data presented\ the ArmandÐTreshchev and Huq
relationships have been considered ^ p being the pressure
expressed in MPa\ they\ respectively\ have the form ]

a � 9[722xv¦9[94 ln"09p# "0#

a � 0−
1"0−x#1

0−1x¦X 0¦3x"0−x# 0
rl

rg

−01
[ "1#

As an example\ Figs 3"a# and "b# show two data sets
collected with one of the impedance probes in terms of
liquid holdup vs[ time[ The position of the probes is
referred to an x!axis oriented in the same direction as
the ~ow and whose origin is at the contraction[ The
measuring station is located on the upstream pipe\ close
to the singularity[ Both _gures refer to a 69 mm i[d[
pipe under the same ~ow conditions\ but two di}erent
restrictions are considered[ The typical phase distribution
of the intermittent ~ow "a sequence of aerated slugs and
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Fig[ 3[ Liquid holdup ~uctuations in the upstream pipe close to the singularity[ D � 69 mm\ xv � 9[4\ s � 9[62 "a#\ s � 9[15 "b#[

strati_ed regions# is evidenced[ The e}ect of the geometry
on the ~ow structure can be noticed ] the stronger con!
traction "s � 9[15\ Fig[ 3"b## causes a more pronounced
liquid deceleration and\ consequently\ a greater liquid
holdup than produced by the contraction of area ratio
9[62[ This behaviour is in agreement with the obser!
vations of Salcudean and co!workers ð8Ł who studied
the e}ects on the ~ow structure caused by a ~ange!type
obstruction inserted within a horizontal pipe[ Their
experiments showed that the singularity a}ects the ~ow
pattern either downstream or upstream the obstruction[

Data sets similar to those reported in Fig[ 3 have been
employed to evaluate the time average values of the void
fraction along the test pipes[ Figures 4 and 5 refer to
the 69:59 mm test section "s � 9[62# and show the void
fraction variations as a function of the gas fraction of
volume ~ow[

In Fig[ 4 the average void fraction values are presented
for the liquid mass ~ow rate of 2[1 kg s−0 with the distance
from the contraction as a parameter[ The _gure shows
that the void fraction does not change signi_cantly along

Fig[ 4[ Average cross!sectional void fraction as a function of
the gas fraction of volume ~ow[ Parameter ] distance from the
contraction[ Test section 69:59 mm[
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Fig[ 5[ Average void fraction along the pipe as a function of the
gas fraction of volume ~ow[ Parameter ] liquid ~ow rate[ Test
section 69:59 mm[

the channel "even if local variations may occur very close
to the contraction where no data were collected# and that
an almost linear relationship exists between a and xv\ as
suggested by the correlation of Armand and Treshchev
but with a slightly smaller slope[ As the liquid ~ow rate
increases\ the measured gas fraction pro_le seems to devi!
ate from the linear trend as depicted in Fig[ 5 where the
mean void fraction along the channel "averaged over _ve
probe values# is presented as a function of xv with the
liquid ~ow rate as a parameter[

Figures 6 and 7 show the data collected with the 69:25
mm test section[ The analysis of the void fraction pro_les
shows some peculiar characteristics with respect to the
data collected with the 69:59 mm pipe[ The di}erences
between the two data sets mainly concern the void frac!
tion variations along the pipe occurring when the con!
traction is greater[ As depicted in both _gures\ the void
fraction decreases close to the discontinuity where a mini!
mum value is probably attained ^ similar trends have also
been reported in ð1Ł\ where an optical _bre probe was
employed to collect the void data[ Furthermore\ in agree!
ment with ref[ ð1Ł\ far from the contraction\ the void
fraction pro_le shifts from the linear pro_le at xv values
higher than 9[39[

The e}ect of the liquid ~ow rate with reference to the
above observations does not seem to be remarkable[ It is
interesting to point out that the void fraction values for
s � 9[15 are always lower than those relevant to
s � 9[62\ even when the measurements refer to the
upstream pipe\ whose diameter is the same for the two
test section "D � 69 mm#[

This _nding can be illustrated in terms of probability
density function of the void fraction ~uctuations in time[

Fig[ 6[ Average cross!sectional void fraction as a function of the
gas fraction of volume ~ow and the liquid ~ow rate[ Test section
69:25 mm[

Fig[ 7[ Average cross!sectional void fraction as a function of the
distance from the contraction for di}erent values of xv[ Test
section 69:25 mm[

As an example\ Fig[ 8 shows the probability density func!
tion pro_les inferred from the data collected in the
upstream pipe of the two test sections under the same
~ow conditions as reported in Fig[ 3[ The measuring
stations are those adjacent to the obstruction\ at 7 diam!
eters "s � 9[62# and 5 diameters "s � 9[15# from it\
respectively[ The curves exhibit the typical pro_le rel!
evant to the intermittent ~ow\ characterised by two
peaks ] a high void fraction peak relative to the mean
holdup in the strati_ed region between slugs and a low
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Fig[ 8[ Probability density functions of the void fraction records
with the pipe area ratio as a parameter[

void fraction peak relative to the mean slug holdup ð13Ł[
The curves in Fig[ 8 di}er from each other not only in
mean value over time but also in shape[ The height of the
low void fraction peak relative to the 69:59 mm pipe may
be interpreted as the occurrence of a well developed and
regular intermittent ~ow where the presence of "almost#
deaerated liquid slugs "plugs# is the main feature[ On the
contrary\ the probability density curve relative to the
stronger obstruction pipe reveals a more chaotic phase
distribution where the percentage of low void fraction
slugs is lower ] in this situation the two peaks have similar
heights and the ~ow regime\ according to Costigan and
Whalley ð04Ł\ can be classi_ed as {stable slug| ~ow[

Figure 09 shows the probability density curves relative
to the 69:59 mm pipe with the distance from the con!
traction as a parameter[ Here the liquid ~ow rate is 2[1
kg s−0 "Uls � 9[72 m s−0 in the downstream pipe# and
xv � 9[22\ but similar results have been obtained with
di}erent liquid ~ow rates[ One can observe that the ~ow
structure remains substantially unchanged along the pipe
and that the singularity seems to have little in~uence on
the mixture characteristics ] the _ve curves practically
coincide and the low void fraction peaks exhibit a narrow
range of values "8Ð01)#[ As for the e}ects of the gas
~ow rate\ Fig[ 00 shows the probability density curve
evolution as the gas fraction of volume ~ow changes[ The
_gure considers the downstream region of the 69:59 mm
pipe "xD � 59# at m¾ 0 � 2[1 kg s−0[ The main feature of
this and other PDF diagrams pertaining to the s � 9[62
test section at constant liquid ~ow rate consists in the
passage from a double peak con_guration to a single
peak con_guration as the gas ~ow rate increases[

It is interesting to note\ that the height of low void

Fig[ 09[ Probability density functions of the void fraction records
with the distance from the contraction as a parameter[ Test
section 69:59 mm[

Fig[ 00[ Probability density functions of the void fraction records
with the gas fraction of volume ~ow as a parameter[ Test section
69:59 mm[

fraction peak "slug peak# goes through a maximum while
the ~ow regime evolves from plug to "{stable| and then
{unstable|\ ð04Ł# slug ~ow as an e}ect of the gas ~ow rate
increase[ The recognition of the ~ow regime transitions
and of the ~ow regimes themselves is still a matter of
discussion ^ indeed several names are encountered in the
literature to de_ne the two!phase ~ow con_gurations[
Nevertheless\ the occurrence of a maximum of the slug
peak height as a function of xv may be interpreted as the
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occurrence of regime transition from plug to slug ~ow[
The transition takes place at xv values around 9[4\ the
corresponding Ugs values being in the 9[8Ð0[0 m s−0 range[
The old map of Baker ð29Ł\ the Mandhane ~ow map and
the ~ow map of Barnea ð20Ł indicate this location for the
transition from plug to slug ~ow[ This fact may constitute
a key to interpret the particular trend exhibited by the
singular multiplier as reported in Fig[ 2\ thus\ ascribing
the non!monotonical pro_le of the multiplier to the
occurrence of changes of the ~ow regime in both the
upstream and downstream pipe[

The analysis of the PDFs relevant to the s � 9[15 test
section reveals a di}erent behaviour[ The shape of the
PDF curve changes considerably depending upon the
measuring station\ as Fig[ 01 illustrates[ In particular\ the
diagram shows that the slug peak modi_es its height
according to the distance from the contraction at which
the void data record was collected[ On the contrary\ the
void fraction value at which the peak occurs does not
seem to change "a � 9[92# ] the air content in the slugs
does not vary while the number of deaerated slugs does[
Moreover\ it is interesting to observe the PDF pro_le
concerning the measuring station just downstream the
discontinuity\ where the void fraction generally reaches
its minimum "measured# value along the channel[ Here
the slug peak is at its highest value\ as if the contraction
strengthened the intermittent behaviour of the ~ow by
arranging the ~ow into regular alternating ~uid packets\
full liquid slugs and fast wavy bubbles[ This fact may
be correlated to the observations of Salcudean and co!
workers\ who concluded that the presence of a peripheral
obstruction a}ects the local ~ow pattern extending the

Fig[ 01[ Probability density functions of the void fraction records
with the distance from the contraction as a parameter[ Test
section 69:25 mm[

intermittent regime domain beyond the ~ow condition
region pertinent to the smooth pipe[

The e}ects of the ~ow rates of liquid and gas on the
PDF curves are similar to those observed with the
s � 9[62 test section[ At constant liquid ~ow rate\ as the
value of xv increases the intermittent structure of the ~ow
changes into a con_guration in which it is di.cult to
distinguish the regions with liquid predominance from
those where the gas prevails[

4[ Conclusions

The impedance method was adopted to measure the
cross!sectional void fraction in two!phase ~ows develop!
ing in horizontal pipes with a sudden area contraction[
The instrumentation set up\ which employs closely spaced
ring electrodes\ was proved to be suitable for coupled
local and instantaneous analysis of the two!phase ~ow
structure[ The experiments were carried out with two test
sections having the same upstream pipe "D � 69 mm#
but di}erent area contraction ratios "s � 9[62\ 9[15#[ The
investigated ~ow conditions cover the plug and slug ~ow
regimes[

With reference to the s � 9[62 pipe\ the results
obtained in terms of void fraction mean values are in
good agreement with the correlation of Armand and
Treshchev\ and the presence of the obstruction seems to
exert little in~uence on the void distribution along the
channel[ The e}ect of the singularity is stronger with the
s � 9[15 pipe ] the void fraction values are always lower
than those predicted\ and minima occur at the discon!
tinuity[ The void fraction pro_le approaches again the
ArmandÐTreshchev line only far from the discontinuity
in the downstream region and for low values of xv[
Upstream the discontinuity the characteristics of the
restriction deeply modify the phase distribution when
compared to the s � 9[62 pipe under the same ~ow con!
ditions[

PDFs have been inferred from time records of the
void fraction signals[ The PDF pro_les relevant to the
s � 9[62 test pipe slightly change with the distance from
the contraction while considerable variations appeared
with the s � 9[15 test pipe\ in which case the contraction
seems to strengthen the intermittent structure of the ~ow
just downstream the discontinuity[
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