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ABSTRACT

Two-phase flow of refrigerant R134a in a hairpinswa
studied. The hairpin consists of a smooth tube \@ithinner
diameter of 8mm with a U-bend radius of 11mm. Beeaaf
the forces exerted on the flow in the U-bend tlosvfheeds to
develop again downstream of the U-bend. The effetthis
phenomenon on the pressure drop are studied akedlito a
visual observation of the flow. Pressure drop aitidas of the
flow are recorded in the straight sections upstreanu
downstream of the U-bend. Afterwards they are caoegpdo
the flow and pressure drop for developed flow. Tmessure
drop downstream of the U-bend was found to be stersily
higher than that for developed flow. It exceeded finessure
drop in case of developed flow by an average of 36¢all
data points. Each video of the flow behaviour wetuced to a
single image by calculating the standard deviatbthe time
signal per pixel in time. The standard deviatioofibes were
compared in order to quantitatively evaluate thange in the
flow behaviour. For the flow downstream of the Uibea
disturbance was observed that stretches out oves than 30
diameters downstream of the U-bend.

INTRODUCTION

Two-phase refrigerant flow has already been thgestitof
extensive research. Most of this research is fatuea
developed two-phase flow in a straight tube, yet dondition

only occurs in a small section of some types ofthea

exchangers, such as air conditioning units. Thiduie to the
geometry: fin-and-tube heat exchangers consist séraes of
straight tubes linked with U-bends, called hairpinghe
disturbance of the flow resulting from the presenfehese
bends is not limited to the U-bend itself but itends to the
straight sections of the hairpin. As a result, ¢berelations for
pressure drop and heat transfer coefficient foretiged flow
in a straight tube are not accurate for hairpinsesithe pressure
drop and heat transfer are strongly influenced by flow
behaviour induced by the U-bend. These ‘U-bendceffdhave
been investigated by Ribeiro et al. [1] and Wangle{2, 3],
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though the results of these studies are still tmitéd to allow
for a more efficient design of heat exchangers.

In the available studies air-water mixtures weredusThe
thermo physical properties of R134a differ fromshef an air-
water mixture. Furthermore, an air water mixturesioot show
a saturation equilibrium between two phases of saene
substance, as is the case for two phase flow afrigerant.
Hence, results might not be applicable to two-phafggerant
flow [4, 5].

For the pressure drop in U-bends many correlatiuange
been developed [6-10] based on refrigerant flowsueaments.
However, these correlations do not provide an edton of the
pressure drop in the straight sections of a haiminere the
flow is developing downstream of the U-bend. Funmthare,
none of the cited studies provide a coupling betwéee
observed flow behaviour and the measured presswe th
spite of their explicit interrelation. The aim dfis work is to
investigate the flow behaviour of R134a in a haygbcusing
on the impact of the U-bend, the developing flowdstream,
and to quantify the impact of the U-bend on thespuee drop
in the downstream straight tube sections of a hairp

NOMENCLATURE

D [m] Tube diameter

G [kg/m2s]  Mass flux

AP [Pa] Pressure drop
[m] U-bend radiu

T [°C] Temperature

X []

Special characters

o []

Vapour qualit

Standard deviatic

Subscripts

dev Developed flow

downstream Immediately downstream of the U-bend
upstream Immediately upstream of the U-bend
sat saturation



EXPERIMENTAL SETUP

The experimental setup comprises a refrigerant,l@opot
water loop and a cold water loop. In Figure lonhet
refrigerant loop is shown. This setup was previpuasveloped
for the study of two phase refrigerant flow in &g tubes,
more information can be found in Caniere et al-IB] . The
preheater is a tube-in-tube heat exchanger; itgtthenan be
varied between 1 and 15 m by adjusting shut-offesl Water
from the hot water loop flows through the annulustioe
preheater, transferring heat to the coolant flowimghe inner
tube which will start to evaporate. By changing teegth of
the preheater, the inlet temperature and mass fiétev of the
hot water in the annulus, the vapour quality at pneheater
outlet can be controlled.

Testsections

Condenser

7
Pump  Mass flow Preheater
Kt._—r/ meter
Vessel immersed
in watertank

Figure 1 Schematic of the refrigerant loop

After the preheater the refrigerant flows througie test
sections, of which the first 140D are used as tirsgtength.
Each of the two test section consists of a haivgith a bend
radius R of 11mm and an inner diameter ID of 8mrhe T
orientation of the U-bend is vertical, and the iggfrant flows
downwards from the top tube to the bottom tube. Trireer
tube wall is smooth and both test sections arebatima One
test section is used for pressure measurementshanohe for
recording the videos of the flow behaviour. Pressinop and
flow behaviour are recorded immediately upstreand an
downstream of the U-bend to register possible Udbeffiects
and also at a sufficient distance (130 diameterstraam
(developed) of the U-bend.

The pressure drops are measured over a lengtiof OChe
differential pressure transducer has a range dkR& and an
accuracy of 0.2mbar. The test section for flow obeton is a
hairpin made out of quartz glass. The flow is fitmeith a
monochromatic camera (Basler A602f - 640x480 pjxels

A vessel immersed in an open water bath is conddotthe
refrigerant loop between the condenser and theepteh As a
liquid-vapour interface exists in the vessel, therigerant
saturation temperature,[ s is fixed by the temperature of the
water surrounding the vessel. ,fer IS set at 15°C for all
measurements.

VISUAL OBSERVATION OF THE FLOW BEHAVIOUR
Each flow visualisation consists of 2000 framesofder to

easily visualize the effect of the U-bend on tlenflbbehaviour,

the recorded videos of the two phase flow are cdeddanto a

258

single image. To this end the standard deviation trod
fluctuating pixel intensity is computed and showor fach
pixel. Areas with high standard deviation (strohgcfuations)
are coloured white, black zones indicate littlenorvariation in
time. Hence black zones are either background nezavhere
consistently only a single phase is present. Whitmes
however exhibit a large amount of interfacial aityiv By
evaluating the standard deviation, it can be easg#yalised
and determined how far the effect of the U-bendemott
downstream of the U-bend in the straight section.

Slug flow regime
Figure 2shows the standard deviation plots for ®=20

kg/m2s and x=1%; the fully developed flow regimelisg flow.
Upstream of the U-bend, a large black zone neabdittom is
noticeable. This zone is filled with fluid phaseeatch moment
in time (zone 1, Fig. 2b), there is little interfac activity
resulting in a low standard deviation. Above thiack zone, a
white zone is apparent; this high standard deviaisocaused
by the liquid-vapour interface which disappears mheslug is
passing by (zone 2, Fig 2b). The gray zone aboi® at zone
that consists of vapour phase most of the timenly shows an
interface when the edges of a slug are passingdne(3, Fig

2b).

a) Undlsturbed ﬂow upstream of the U-bend

b) Immediately upstream of the U-bend

¢) Immediately downstream of the U-bend

d) 30D downstream of the U-bend
Figure 2 Standard deviation plot for G=200 kg/m2s, x=1%

At the very top of the straight section of the tudrether
white zone can be seen. This zone has a low pirehsity
when vapour is present and has a high pixel intengien a
liquid slug is passing by, resulting in high stamddeviation
(zone 4, Fig 2b). This effect is due to opticalraefion. The
refractive index of the glass is about 1.4, thathef liquid is in
the order of 1.2 and that of the vapour 1.007. aBse of the
larger difference in refractive index between glassd vapour,
the rays of light passing through the upper tubd teathe



camera lens do not come from the backlight; heheepixel
intensity is low. When there is liquid present, tieéraction is
smaller and the rays of light illuminating the uppgbe wall do
come from the backlight causing the pixel intendity be
higher. This effect could be avoided by using tveuitional
backlights: one above and one underneath the hairpi
However, this would also reduce the effects of aaiti
refraction at the interface between the two phasesto which
the vapour-liquid interface would be less visibtetbe images.

a) Immediately upstream of the U-bend

b) Immediately downstream of the U-bend

¢) 30D downstream of the U-bend

d) 30D downstream of the U-bend at another instance in
time

Figure 3 Images of the flow behaviour for G=200 kg/m2s,
x=1%

The zones in Figure 2 are also indicated in Figyrevhich
contains actual time frames from the videos, shgwire flow
mechanisms responsible for the observed variatinghe
standard deviation.

It is very clear from the standard deviation pi@iy. 2) that
the flow in the straight section downstream of théend is
fundamentally different from the flow upstream b&tU-bend.
This is also evident when one looks at unprocessedes of
the flow behaviour itself. Figure 3b shows a slypgra@aching
the U- bend and Error! Reference source not fousidoavs the
flow after a slug has just passed through the Wb@&hese are
only snapshots; the flow shows significant variatio time.
The standard deviation however synthesises theovidea
single image, which allows for an easy compariseiwben the
flows at different axial positions.

Figure 2 reveals several more phenomena. Firstlfhe top
image showing the flow upstream of the U-bend,dlisrlittle
or no axial variation in the standard deviationtlre straight
section. This is also the case for fully developéov.
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However, in the bottom image showing the flow dotreesm of
the U-bend, the standard deviation in the straggtion is
completely different from the straight section wpam the U-
bend. Also, a clear axial variation is visible; winis typical for
developing flow. In the bottom left corner of Figc, the
beginning of a black zone can be observed, correfipg to a
zone which only shows the liquid phase. LookingtHar
downstream of the U-bend, the figure of the stashdiviation
is expected to show more similarity to the plottegem the U-
bend. This is confirmed in Figure 3d, which showstraight
section 30 diameters downstream of the U-bendhdhimage,
zone 1 with only liquid can again be seen. ZonewBich

represents the position of the liquid-vapour phésstill a lot
wider than it was before the bend. In order to fanghysical
explanation, the fluctuations of the flow must Heserved. As
evidenced by Figure 3c) and d), the liquid-vapouterface
moves in time. This is caused by an oscillatoryiombf the

liquid phase, a wavy interface. This movement ef ititerface
is significantly more noticeable in the developitaise than in
the fully developed case, which results in a widand of high
standard deviation. For these conditions the fldi is not

fully developed after 30 tube diameters.

Intermittent flow regime

The next flow regime to be analysed is that ofrimigent
flow (G=320kg/m?s, x=15%). Figure 4 shows timefranoéthe
flow up- and downstream of the U-bend. Again thewflis
significantly different at both locations. The flowpstream of
the bend shows hardly any difference compared ¢oftitly
developed flow. This is further illustrated in Figu5. Both
Figure 5a and b show very similar trends for thandard
deviation.

a) developed flow upstream of the U-bend

b) Immediately upstream of the U-bend

¢) Immediately downstream of the U-bend

d) 30D downstream of the U-bend

Figure 4 Images of the flow behaviour for G=320 kg/m2s,
x=15%



Figure 5c, showing the standard deviation plothef low
directly downstream, is quite different from thewll upstream.
One immediately notices that the black zone is imgsssimilar
as for slug flow. The axial variation is also quitkar. In
Figure 5d the standard deviation plot of the flovdBameters
downstream of the U-bend is shown.

Figure 5d shows that the black zone indicatingiticlow
has been restored further downstream of the U-bdodever,
when Figure 5d is compared to Figure 5a, the fl@haviour
30 diameters downstream exhibits a more concedtnatgte
zone directly above the black zone, which is nespnt in the
fully developed flow. This is due to the differdmthaviour of
the liquid- vapour interface, as can be seen irurfgigd. The
interfacial waves in the developing region dowrestnethe bend
have a smaller average amplitude; less of thesesvaach the
top of the tube compared to the flow behaviour ngash of the
U-bend. Hence, the interfacial activity is more cemtrated.

a)Developed flow upstream of the U-bend

h

b)Immediately upstream of the U-bend

C)Immediately downstream of the U-bend

d) 30D downstream of the U-bend

Figure 5 Standard deviation plots for G=320 kg/m?2s, x=15%

Obviously the presented flows are highly unsteadyich
makes it difficult to represent the flow with siegimages. In

Figure 4 an instant was chosen that is representative for a

significant period of time.

Annular flow regime

The final flow regime which was considered is thudt
annular flow (G=205kg/m2s, x=90%). Figure 6hows
timeframes of the flow up- and downstream of thedud. The
difference in flow behaviour is a lot less obvidhsn in the
previous cases. On the inside of the bottom pathefbend,
visible in Figure 7c there is noticeably more ifaeial activity.
In the flow visualisations it can be seen that tie tJ-bend
liquid moves towards the outer wall of the bend.tii¢ outlet
of the bend the liquid that has not reached theidetwall
seems to be pushed to the upper wall of the ostlatight
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section by the vapour core. Figure 7 shows theesponding
standard deviations.

*é) Developed flow upstream of the U-bend

b) Immedlately upstream of the U-bend

Al

¢) Immediately downsrteam of the U bend

[

d)30 downstream of the U-bend

Figure 6 Images of the flow behaviour for G=205 kg/m2s,
x=90%.

a) Developed flow upstream of the U-bend
[
b) Immediately upstream of the U-bend

c) Immediately downstream of the U-bend

d) 30 D downstream of the U-bend
Figure 7 Standard deviation plots for G=205 kg/m?2s,
x=90%.

The increased interfacial activity on the insidetloé U-
bend is very apparent in Figure 7c. The straighttice
upstream of the U-bend shows little or no diffeendgth the
fully developed flow, similar to the previously diad flow
regimes. Furthermore, the standard deviation pidhe flow



downstream again shows axial indicatioé

developing flow.

variation,

Since the differences between the plots in Figuegernot
as pronounced as for the previous flows, the standeviation
will be used quantitatively. For this reason théuga of the
standard deviation along the middle column of Fégur are
shown in . Between rows 0 to 20 and rows 155 todf&igure
8 the standard deviation is low and more or lesstamt, these
rows show the background and the tube wall in thages and
the standard deviation there is not influencedhwyftow in the
tube.

25

directly upstream
developed flow

directly downstream
— 30D downstream

20

15

10

o along middle column

row number

Figure 8 Standard deviation along columns Figure 7

( )

The differences in the standard deviations and thuthe
flow behaviour are immediately apparent. As alresldigwn in
Figure 7, the difference between the flow behavidinectly
upstream and the fully developed flow 30 diametgystream
are indeed very minor. They are easily explainedsmall
deformations of the image due to being recordeal different
position along the hairpin. The flow visualizationa which
these two standard deviation profiles were caledatvere
recorded on positions more than 100D away from esbkr
along the hairpin. The fact that the differencesveen them
are so minor shows that this same standard dewigiofile
would be found in any location along the tube Bewvould be
straight and the flow behaviour would be undistdtbEhe flow
directly downstream of the U-bend shows a signifita
smaller standard deviation at rows 100 to 150, ithisom the
middle to three quarters down of the image. Thigiat®n is
almost fully restored 30 diameters downstream. Neatop of
the tube, rows 50 to 100, the standard deviatigigsificantly
higher than in the fully developed case. Thirty naéders
downstream the standard deviation is actually lowethis
zone, which shows that the flow is still undeveldpdo
determine the development length downstream ofUtieend,
measurements should be taken even further downstreghich
was not possible with the current setup.

In conclusion, the flows recorded 30 diameters dsiveam
from the U-bend still showed significant differesceompared
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to the fully developed flow for all three observémlv regimes.
This indicates that the flow is still not fully deleped after 30
diameters. This is in agreement with the finding<Cbo and
Tae [14] and da Silva Lima and Thome [15],who bfatbnd

that the flow needs more than 30 diameters to rddpv
downstream of a (sharp) U-bend.

PRESSURE DROP MEASUREMENTS

Pressure drop has been measured at different dosats
stated above. Because of the highly unsteady dearaftwo-
phase flow the pressure difference also variesinre.t The
pressure drop values presented below are averages bver
10s. Taking the average over a longer time spamdicaffect
the average value significantly. The measuremerge vonly
started if the average remained steady for at [Hastinutes.

Pressure drop measurements for fully developed flow

In Figure 9the pressure drop measurements in the tube

section where the flow is assumed to be develo&d [¥
upstream of the bend) are shown for different nflases.
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Figure 9 Pressure drop measurements in case of developed
flow compared to pressure drop predictions of Mtlle
Steinhagen and Heck [16]

Unfortunately the setup does not allow to attaiabkt
conditions at high G and x, so the series of G & K§m3s is
not complete. The pressure drop predicted by thdlekl
Steinhagen and Heck correlation [16] is also shomrthis
figure.

A similar trend is seen in both the measurementk tha
correlation: first the pressure drop increases waéghour quality
X, then it attains a maximum at a high x after Wwhicdecreases
again. This trend is expected for two phase presshiop.
When the thin liquid film at these high vapour tians starts to
disappear locally, there is a reduction in thetiftit between
the phases causing a decrease in the observederessp.

Apart from a few points at low x, where the meamest
uncertainty is quite large, the discrepancy is sanghan 30%.
Considering the Muller-Steinhagen and Heck coriatat



renders an uncertainty of more than 30%, the flam be
assumed to be fully developed in this sectionhingubsequent
part this measured pressure drop will be used esfemence
value to assess the impact of the bend. Furthernkagere 9
shows that the Miller-Steinhagen and Heck cor@tapiredicts
the data for the lowest mass flux the most acclyrate

Pressure drop measurements upstream of the U-bend
section

In Figure 10 the pressure drop measurements retdrde
the section upstream of the U-bend are shown foiing mass
fluxes. Again, this data exhibits a trend similar what is
expected for two-phase flow.

R134a T =15C D=8mm R=11mm L=20cm
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Figure 10Pressure drop measurements in the interval
immediately upstream of the U-bend

Pressure drop measurements downstream of the U-
bend section

Likewise, this trend is observed in the pressurepdr
measurements downstream of the U-bdridure 11).

R134a Tsat=15°C D=8mm R=11mm L=20cm
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Figure 11 Pressure drop measurements in the interval
immediately downstream of the U-bend

Comparing Figure 9, Figure 10 and Figure 11 shdves t

the pressure drop downstream of the U-bend consigte
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exceeds those in case of developed flow and upstoédhe U-
bend.

Estimation of the U-bend effect

The ratio of the pressure drop measurements foeldped
flow and flow downstream of the U-bend is shownFigure
12. As shown, the pressure drop downstream of tHeendl
exceeds the pressure drop of developed flow fodath points.
This difference is statistically significant. Assdussed above,
the flow downstream of the U-bend needs to redgyeldich
explains the increase in pressure drop comparettveloped
flow. Indeed, in a developing flow the interfactdlanges cause
more friction between both phases and between lthegs and
the inner tube wall.
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Figure 12 Ratio of the pressure drop downstream of the U-
bend and pressure drop for developed flow
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Figure 13 Ratio of the pressure drop downstream of the U-
bend and pressure drop for developed flow

This limited dataset indicates that the ratio & fnessure drop
downstream of the U-bend and pressure drop for ldped
flow does not show a distinctive trend in functiohG and x.



It more or less fluctuates around 1.3. The ratighef pressure
drop upstream of the U-bend to that for developew fis

shown in Figure 13.

The trend observed in this ratio cannot be expthiat this

instant. A slight acceleration of the flow at smaknd a slight
deceleration at high x might be the cause. As dsed
previously, no significant U-bend effects were akied on the
flow behaviour upstream of the U-bend, which isoatdear

from Fig. 13.

CONCLUSION

[7]
(8]

[9]

Pressure drop and refrigerant flow videos have been [10]

recorded in tube sections with developed and deirgoflow

and upstream and downstream of the U-bend of gihailt

was found that the pressure drop downstream ofUdtend
consistently exceeds the pressure drop in caseewéloped
flow. Comparing this to the visual observation bk tflow

downstream of the U-bend, one can see that theifloskearly
affected by the U-bend. This explains the obseixetkase in
pressure drop, as the flow needs to develop agairsing more
friction between both phases. Moreover, the flowstii not

developed more than 30 diameters downstream ofJtbend,
which leads to believe that the pressure drop il be

affected further than 30 diameters from the U-befarther
research is needed to estimate how far the effettteoU-bend
on flow and pressure drop extends.
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