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Abstract. The study of pressure losses at boiling two-phase flow movement in vertical and inclined pipes of evapora-
tors of ship refrigeration units is carried out. The study of the ascending two-phase flow is promising from the point
of view of practical application. Such a movement is typical for various types of industrial heat exchange equipment,
including for the development of promising types of evaporators, for example, vertical apparatuses for ships in which
internal boiling of the refrigerant occurs. A methodology has been developed and an experiment has been set up to
study the processes in the steam generating channels of refrigeration units at various angles of inclination with a fixed
height. At the same time, the length of the channel changed, it became possible to analyze friction losses. A new ap-
proach has been applied that brings the model as close as possible to the actual boiling process, taking into account the
constant increase of steam in the channel. Experimental studies have been carried out and data on pressure losses have
been revealed when the angle of inclination of the steam generating channel changes. The main dependences and vari-
ous components of hydraulic resistances during the movement of a boiling two-phase flow are presented. Based on the
data obtained, the justification of ship evaporators transition of refrigeration units to the vertical arrangement of the
heat exchange steam generating beam is proved. The results obtained indicate that an increase in the slope of the pipe,
provided that the height is maintained, leads to an increase in pressure losses. Applicability to marine refrigerating
machines has been determined — the transition to vertical apparatuses has advantages, primarily in reducing pressure
losses. The obtained set of data allows to recommend the design of vertical evaporators for auxiliary ship installations.
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AHHOTanus. [IpoBoauTCs Mcclie0BaHNE MOTEPH HANOpa IPH ABMKEHHHU KUILIIIETO JIBYX(a3HOTo IOTOKAa B BEpPTHU-
KaJIbHBIX U HaKJIOHHBIX TPyOaxX HCIIapUTENeH CyIOBBIX XOJOAWIBHEIX YCTaHOBOK. 3ydeHne BOCXOIIIEro aByXdas-
HOTO IOTOKAa IMEPCICKTUBHO C TOYKH 3PEHMS MpaKTHIecKoro mpumMeHeHws. [lomoOHoe nBmkeHHE XapaKTepHO IS
Pa3IMYHBIX BUIOB IIPOMBIIUIEHHOTO TEINIOOOMEHHOTO 000pYyIOBaHHS, B TOM YHCIE IS Pa3pabOTKH IEePCIEeKTHBHBIX
BUJIOB UCIIApHUTENIeH, HAPHUMEP BEPTUKAIBHBIX aNNapaToB JUIS CyI0B, B KOTOPBIX MIPOUCXOAUT BHYTPUTPYOHOE KHIIE-
HHe XJajgareHTa. PaspaboTana MeToauKa M MOCTABJIEH SKCIIEPUMEHT JUISl UCCIIE0BAaHUs MIPOLIECCOB B MAPOT€HEPUPY-
IOIMX KaHaJlaX XOJOJMIIBHBIX YCTAHOBOK I10]] Pa3IM4HbIMH YIJIaMH HaKJIOHA ¢ GpuKCHpOBaHHON BbICOTOH. ITpH 3TOM
M3MEHsIach JUIMHA KaHalla, YTO MO3BOJIMIIO NPOAHAIM3UPOBATh MOTEpU Ha TpeHue. [IpuMeHeH HOBBIM MOAXO, MaK-
CHMAJILHO NPHOIMKAIONINH MOJEIb K JISHCTBUTENEHOMY IIPOLECCY KHIIEHHS C Y4€TOM IOCTOSIHHOTO BO3pacTaHUs Ia-
pa B kaHaze. IIpoBefieHbI 9KCIIEpUMEHTAIbHbIE UCCIEIOBAHNS U BBIABICHBI JaHHBIC 10 MOTEPSAM Haropa Ipu U3MEHe-
HUM yrjla HaKJIOHHA IaporeHepupyomero kanana. [IpeacraBieHsl OCHOBHbBIE 3aBUCUMOCTH M Pa3IMYHbIe KOMIIOHECH-
THI THAPOCONPOTHBICHUH NIPU ABWKEHUHU KUIIAIIEro AByxdaszHoro notoka. Ha ocHOBaHMHM MOTYyYCHHBIX JaHHBIX JO-
Ka3aHa OINPaBJaHHOCTh NIEPEX0/a CyIOBBIX HCIIAPUTENEH XOIOAMIBHBIX YCTAHOBOK K BEPTHKAIBHOMY PACIIOI0KEHHIO
TEMI000MEHHOTO MaporeHepupyoero myuka. IlomydeHHble pe3ynpTaThl CBUAETENLCTBYIOT O TOM, UTO yBEJIHUCHHUE
HaKJIOHA TPYOBI IPU YCIOBUHM COXPAHEHUS BHICOTHI MPUBOAUT K YBEIUUEHHUIO TOTePh Hanopa. OnpeneneHa NpuMeHH-
MOCTb K CYJOBBIM XOJIOAMIBHBIM MAIlMHAM — MEPEX0J K BEPTUKAIBHBIM amlmapaTaM HUMeeT JOCTOMHCTBA, MPEXIe
BCEr0 0 CHWXKECHUIO MOTepb Hanopa. [lomydeHHas COBOKYIHOCTh JaHHBIX II03BOJIICT PEKOMEHA0BATH KOHCTPYKIUU
BEPTUKAJIbHBIX UCMIAPUTEIICH AJIS1 BCIOMOTATENIbHBIX CYJOBBIX YCTAHOBOK.
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ISIIEero ABYX(a3HOTO NOTOKA B HAKJIOHHBIX TPYOaX HCIIApUTEINs CYAOBOH XOIOAMIBHON MamuHb / BecTHuk Actpa-
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Introduction

The movement of a boiling stream in a vertical and
inclined pipe is a special case when a two-phase flow
flows inside pipes and channels and has a number
of features. First of all, this is due to the influence
of the hydrostatic liquid column which is small in
a horizontal channel [1].

The study of the ascending two-phase flow is
promising from the point of view of practical applica-
tion. The upward movement is typical both for heat
engineering, in particular, in steam generating boilers
and for refrigeration engineering for the development
of promising types of evaporators, for example, verti-
cal apparatus for ships, in which the refrigerant boils
inside the pipes [2].

The vertical shell-and-tube evaporator has a better
distribution of the refrigerant along the boiling chan-
nels compared to the horizontal one. This is due to the
supply of refrigerant coming from the bottom cover, it
is evenly distributed over all tubes of the bundle be-
cause the liquid refrigerant does not move from its axis
of motion under the action of gravitational force and
does not change its direction as it happens in a hori-
zontal evaporator when rotated in the back cover. The
upper tubes of a horizontal evaporator have a lower
heat transfer coefficient due to the uneven distribution
of the refrigerant; after turning, the upper part of the
tube bundle is less filled with liquid and part of the
heat exchange surface remains dry, which reduces the
efficiency of the device. In the vertical evaporator this
problem is solved due to the uniform filling of the
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tubes. The liquid supplied from below into the vertical
tube bundle is better distributed, which makes it possi-
ble to increase the heat transfer coefficient due to the
wettability of the entire tube area.

An important issue in the design of steam genera-
tors with vertical and inclined pipes is the study
of pressure losses during the movement of a two-phase
flow in these pipes. An experiment was carried out to
determine the influence of an inclined pipe on the hy-
drodynamics of a two-phase flow.

The purpose of this work is to study the parameters
of a boiling two-phase flow during its movement in
vertical and inclined pipes of a ship evaporator
of a refrigeration machine.

The relevance of the work lies in obtaining data on
the hydraulic resistance of a two-phase boiling flow in
pipes and channels of different directions while main-
taining a constant height of the steam generator.

Scientific novelty consists in the study of hydraulic
resistance in different slopes pipes during the move-
ment of a boiling two-phase flow.

Experiment method

To compare the designs of heat exchangers, an ex-
periment was conducted to compare pressure losses in
vertical and inclined pipes. The experiment was car-
ried out with the height of the experimental pipe un-
changed in order to exclude the effect of hydrostatic
pressure and to show how the hydraulic resistance
changes with inclination.

For the experiment, a stand was developed (Fig. 1).
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Fig. 1. Experimental stand: / — experimental pipe; 2 — tank; 3 — measuring pipe; 4 — air collector; 5 — control valves;
6 — compressor; 7 — funnel

The experiment was carried out for a pipe with
a diameter d = 14 mm and a height L = 1.5 m:

— length 3 (angle of inclination — 30°);

— length 2.1 (angle of inclination — 45°);

— length 1.7 (angle of inclination — 60°);

— length 1.6 (angle of inclination — 80°);

— vertical pipe.

The experiment was carried out as follows.

The stand was filled with water through the level-
holding tank, then air was supplied down the experi-
mental pipe from the compressor through the air col-
lector, corresponding to the calculation of the heat load
of the evaporator ¢ = 1 kW/m?. The supply was carried
out in such a way that there was no splash into the
funnel from the experimental tube when completely
wetted. Then the liquid level in the measuring tube H,
was measured and the total head loss was calculated
AP = p'gH, (where p' is the density of the liquid, g is
the free fall acceleration, H; is the liquid level in the
measuring tube). At the next stage, the air flow was
increased sequentially until the heat load corresponded
to ¢ = 5 kW/m?, and the level measurements in the
measured pipe and calculations were carried out.

The calculation of the volume of air supplied to the
experimental tube was taken in accordance with the
regeneration in the heat exchange channel of the evap-
orator, depending on various heat flows.

For example, the heat flow corresponding to
g =1 kW/m® was calculated based on the main param-
eters of the channel (for example, a pipe 1.5 m long
and 14 mm in diameter), such as the heat exchange
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surface of the pipe — /= 0.066 m’, the heat of vapori-
zation — r = 270 kJ/kg (for R410a freon at a boiling
pressure of 1 bar).

Volumetric steam flow, m®/s:

po_ @ _1000-0.066

" 270-4.53

=0.00005396 (1)

where p” — density of vaporous freon.

Hydro resistance

An important parameter of the hydrodynamics
of a two-phase flow is the pressure loss in the channel.

The total pressure difference between two sections
of the channel is the sum of the differences necessary
to overcome the leveling pressure Ap,, friction loss
Apy., local resistance Ap;,, as well as losses lost on the
acceleration of the liquid and vapor phases Ap,,:

Ap = Aplev + Ap/‘r + Aplr + Apac-

The data in [2] showed that the main component
of the hydraulic resistance in a vertical pipe is the lev-
eling head. This conclusion comes from the values
obtained during the calculation of each of the main
resistance components.

The determining factor for calculating the pressure
loss is the mass flow rate wp, kg/(m” - s), when moving
in the pipe, which is equal to the mass of the refriger-
ant supplied per unit area of the pipe section per sec-
ond, set through the amount of gas supplied to the
stand through the formula (1):
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op=qf/rS,

where S is the cross-sectional area of the pipe, m”.
An important parameter of a two-phase flow is the
true vapor content ¢, showing what part of the pipe

section is occupied by steam.
Then the leveling head:

Ap, =[0p"+(1-9)p’ | gl

where [ is the height of the two-phase flow, m.
Pressure loss due to friction of a two-phase flow [2]:

r 2 ’
poy I 1+ yx L ,
2 d p/l

where & — friction coefficient; y — flow coefficient;
X — mass vapor content; ®, — circulation velocity, m/s;

Ap‘/}* =&

@

wg=owp/p-

In [3], another form of the formula for calculating
Apy; is presented:

1 (op)’
d 2p"

Apﬁ =& Y
where ;. — coefficient takes into account the influence

= \Vertical

Head loss, Pa
&
=

=
2
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of the flow.
Head loss to overcome local resistance for a two-
phase flow according to [1-3]:

1.2 ’
POty x| 1],
2 p//

where &, — coefficients of local resistance are taken
according to [4].

The head loss due to acceleration is calculated as
the difference in the amount of motion between the
considered sections of the channel. Head loss due to
acceleration according to [5-7]:

Apac = (P'(Do)zo’z -y,

2 (1-x)
—_— + —_—
p'o p'(1-9)
ning of the pipe; y, — section at the end of the pipe.

When deviating from the vertical position, friction
losses increase according to formula (2); experimental
studies were carried out to prove this statement [8-10].

Ap/r = E.&lr

where y= ; y1 — section at the begin-

Influence of inclination on head loss in a pipe
Figure 2 shows graphs of the dependence of pres-
sure losses in pipes on gas flow.

o 0,05 01 0,15

0z 0,35

Air consumption, liters f s

A Inclined 30 B Inclined 40

= Inclined 20

= \ertical + Friction loss

Fig. 2. Head loss when gas is supplied through the lower section into vertical and inclined pipes;
pipe diameter — 14 mm; height — 1.5 m
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It can be seen from the graph that with air flow in-
crease through a pipe with liquid pressure losses de-
creased, this is due to a decrease in the density
of a two-phase flow.

The results of the experiment show that with an in-
crease in the angle of deviation from the vertical posi-
tion losses in the pipe increase due to an increase in
the length and, as a result, friction losses. In addition,
regimes characteristic of a horizontal channel arose in
inclined pipes, i.e. a stratified regime was observed at
the end section. This fact is the main difference be-
tween hydrodynamics in the case of two-phase flow in
inclined pipes and in vertical ones. The wave mode
leads to the fact that the upper part of the pipe remains
unwetted, and therefore, when the flow boils, the end
section has a lower heat transfer coefficient. Therefore,
from the point of view of heat transfer, the use of ver-
tical channels is more advantageous for the purpose
of wetting the wall at the end section.

The difference in head loss in vertical and inclined
pipes, while maintaining its height, is friction loss,
since other types of losses do not change. With an in-
crease in inclination while maintaining the height, the
length of the pipe increases and it leads to friction
losses increase. It can be seen from the experiment that
the losses increase with the length of the pipe at a giv-
en flow rate. Moreover, the experimental and calculat-
ed data differ significantly. So the existing calculation
models need to be refined.

Further research

To study the structure of a two-phase flow, further
studies will use the method of dynamic light scattering
applied to bubbles. For this, coherent radiation with
a wavelength of 625 nm and a system of mirrors are
used. The whole method is based on the polarization

of the light beam on ascending bubbles and the detec-
tion of residual radiation, which, it is assumed, will
allow us to investigate the size and fluctuations
of groups of bubbles, as well as the vapor content in
the pipe section.

In addition, thermal effects are studied, primarily in
the heat transfer coefficient, in order to complete the
picture of the thermohydrodynamics of a boiling two-
phase flow at low temperatures during upward motion
in a vertical pipe.

Conclusions

An experimental study of vertical and inclined
pipes has shown that friction losses due to heat flows
used in refrigeration engineering make up a significant
part of the total pressure loss. As applied to marine
refrigeration machines, it can be said that the transition
to vertical evaporators has its advantages, primarily in
terms of reducing friction pressure losses.

The study showed that increasing the slope of the
pipe, while maintaining the same height, leads to an in-
crease in head loss. And, therefore, when the height
of the steam generator is 1.5 meter, the vertical arrange-
ment of the steam generating channels is preferable.

Analyzing the experiments carried out, we can say
that the pressure loss in the studied inclined pipes is in
the range from 0.5 to 7 thousand Pa.

It should be especially noted that in the transition
from inclined pipes to vertical ones, the hydrodynam-
ics of the flow also changes, which also has its ad-
vantages, primarily related to better wettability of the
heat exchange surface and, as a result, an increase in
the efficiency of the heat exchange equipment of the
ship installation, due to an increase in the heat transfer
coefficient between wall and boiling refrigerant.
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