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DECREASING OF PROFILE AIR DRAG
TO THE TRAIN MOVEMENT INSIDE THE TUBE TRANSPORT

Background: The movement of the train in an insulated space with the natural
atmospheric pressure is accompanied by energy losses for unproductive work to overcome the
profile air drag from the front and rear surfaces of the vehicle. At the same time, there is also
a considerable increase of energy costs for overcoming the growing force of oncoming air
drag. In order to exclude these energy losses, it is proposed to organize synchronous and
volume-balanced pumping of air from the front part of the tube transport and injection of the
air into the back part of the tube transport.

Aim: To develop a method of organising air exchange inside the tube transport, which
will ensure the reduction of air resistance to the movement of the train.

Methods: The proposed developments are based on well-known national and foreign
designs of high-speed tube transport systems, the results of a comparative analysis of tube
transport with varying degrees of air pumping (backing vacuum and hard vacuum), taking
into account the experience of redistributing the residual air volume in the “Hyperloop” and
“TransPod” tube transport systems. The operating parameters of the compressor units that
pump air into the internal cavity of the tube when the train is in motion is regulated on the
basis of process models of gas dynamics.

Results: A new method and device has been developed for reducing the air drag to the
movement of the train by forced air exchange, which provides for the redistribution of air
from the front to the rear of the transport tube relative to the vehicle travel direction. For the
air redistribution, the external air exchange unit, consisting of air ducts, compressor units,
gate valves, and air collectors is used. The process of external air exchange takes place only
when the vehicle is in motion, for the movement of the vehicle no prior air exhaust is
required. The air redistribution is controlled taking into account the speed of the train, its
location in the tube, the design features of the tunnel and vehicle. The speed of the train for
each segment of the speed section is normalised depending on the actual performance of the
components of the air exchange system. Modes of operation of the compressor units must
ensure synchronous redistribution of air from the front to the rear of the tube. The movement
of a vehicle along a tube with normal atmospheric pressure in the internal cavity provides
conditions for the safe transportation of goods and passengers.

Conclusion: The developed method is designed to reduce the force of air resistance
when the train is in motion inside the airtight tube without creating vacuum. The presented
developments have good prospects for use in projects of high-speed transport systems of both
underground and underwater designs.

Keywords: high-speed transportation systems, evacuated tube transport, profile air
drag, air exchange, Hyperloop, TransPod.
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O CITOCOBE CHUXEHMUA ITPOPUJIBHBIX
COIPOTHUBJIEHUA BO3JYXA JIBUJKEHUIO TPAHCIIOPTHOI'O
CPEJACTBA BHYTPU TPAHCIIOPTOITPOBOJIA

OO6ocHoBanme: J[BrmxeHue noes3aa B U30JIMPOBAHHOM MPOCTPAHCTBE C €CTECTBEHHBIM
aTMOC(hEepHBIM JIaBJICHUEM BO3JYIIHOW Cpeapl COMPOBOXKIAACTCS TMOTEPSIMU HDHEPTUM Ha
HETIPON3BOIUTEIHHYIO PAa0OTy MO MPEOIOJICHHUIO MPO (PHIBHBIX COMPOTHUBIECHUN CO CTOPOHBI
(pOHTAIBHON U THITLHOM MOBEPXHOCTEN MOJIBMKHOTO cocTaBa. [Ipu 3ToM Takke oTMeuaeTcst
3HAYUTENIPHOE YBEJIMYEHHUE 3aTpaT SHEPruu Ha MPEOJ0JeHHE pPaACTYIIeH CHIIbI BCTPEYHOTO
COTIPOTUBIICHUS BO31yXa. [l HMCKIIOUEHWs YyKa3aHHBIX IMOTEPh DHEPTUU MpeiaracTcs
OpraHM30BaTh CHHXPOHHOE U COalaHCUPOBAHHOE MO 00bEMaM OTKayMBaHUE BO3JyXa U3
nepefHell YacTH TPAHCHOPTONPOBOJA M HArHeTaHWe BO3AyXa B  3aJHIOI0  4acTb
TPaHCIOPTOMPOBOA.

Hean: Pazpaborath croco0 OpraHu3aIu BO3JIyX000OMeHa BHYTPH
TPAHCIOPTOMPOBOA, KOTOPBIM 00ECIEUNUT CHHKEHUE MPOPUIBHBIX CONPOTUBICHUHN BO3IyXa
JBUKEHUIO TI0€3/1a.

Metoabi:  IlpennoxeHHsle  pa3pabOTKM  OCHOBaHbI  Ha  OOIIEM3BECTHBIX
OTEUECTBEHHBIX M 3apPYOEKHBIX KOHCTPYKLHUSAX BBICOKOCKOPOCTHBIX TPAHCHOPTHBIX CHCTEM
TpyOHOTO THIIA, HCIOJIb30BAIHCh pe3ynbTaThl CPaBHUTEIHHOTO aHaim3a
TPAHCIIOPTOIIPOBOJOB C PA3JIMYHONW CTENEHBbIO OTKAYKU BO3JyXa (TIyOOKHMM BakyyMoOM U
(GhopBaKyyMOM), YYUTBHIBAJICS OIBIT IEpepacHpeqesieHuss OCTaToOuyHOro oObEMa BO3ayXa B
TpaHcmoprTonpoBoge B cuctemax “Hyperloop” wu “TransPod”. Ilapamerpsl paboThI
KOMIIPECCOPHBIX ~ YCTAaHOBOK, IEPEKAuMBAIOIIMX BO3AYyX BO BHYTPEHHEW IOJOCTH
TPAHCIOPTONPOBOAA TMPH IBHMKEHUH TPAHCIOPTHOTO CPEICTBA, PETYIMPYIOTCS Ha OCHOBE
MoJenel mpoiiecca ra3oIMHaMHUKH.

PesyabTaThl: Pa3paboranbl HOBBI C€HOCOO ¥ yCTPOWCTBO CHUIKCHHSI CHIIBI
COMPOTHBIICHUSI BO3/AyXa MIBMKCHHIO IOe€3[a MyTéM NPUHYAUTEIHLHOTO BO3IyXO0OOMEHa,
KOTOPBIM MpeaycMaTpuBaeT MepepachpeesieHne Bo3JyXa U3 IepelHed 4acTh B 3aJHIOI0
4acTh TPAHCIOPTOIIPOBOa OTHOCUTEIHHO HANIPABICHUS ABM)KCHUSI TPAHCIIOPTHOTO CPENICTBA.
Jlns mepepacripenesieHUs] BO3JAyXa HCIOJB3YeTCS YCTPONCTBO BHEIIHETO BO3AyXOOOMEHa,
COCTOSIIIIEE U3 BO3IyXOBOJOB, KOMIIPECCOPHBIX YCTAHOBOK, 3a/IBJKEK, BO3J1YXOHAKOIUTEIIS.
[Ipouecc BHEMIHETO BO3AYyX000MEHA MPOU3BOAATCA TOJIBKO BO BpeMsl JBM)KCHUS TIO€3/1a, s
JBUKEHHS] TPAHCIOPTHOTO CpEJICTBA MpeIBapHUTellbHAas OTKauyka BO3JayXa He Tpedyercs.
[Iponecc mnepepacnpeneneHus BO3[yXa pEryJIUpPyeTcss C YYETOM CKOPOCTU JBUKEHUS
TPAHCIIOPTHOTO CPEACTBA, €r0 MECTOIOJIOKEHUS B TPAHCHOPTONPOBOJE, KOHCTPYKTHUBHBIX
OCOOCHHOCTEH TOHHENS W TOJBIKHOTO cocTaBa. CKOPOCTh JBIXKEHHUS TPAHCIOPTHOTO
CpPElCTBAa MO KaXIOMY OTpPE3KYy CKOPOCTHOTO Y4acTKa HOPMHUPYETCS B 3aBUCUMOCTH OT
(haKkTUYEeCKOW MPOU3BOJUTEIHHOCTH KOMIIOHEHTOB BO3yXOOOMEHHOW CHUCTEMBI. PeXHMBI
paboThI KOMITPECCOPHBIX YCTaHOBOK JTOJKHBI obecreunBaTh CUHXPOHHOE
repepacnpeielieHue BO3AyXa M3 IMepeJHed 4YacTu B 3aJHIOK 4acTh TPaHCHOPTOIPOBOJA.
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JIBI>KEHHE Toe3/a M0 TPAaHCHOPTONPOBOAY C HOPMAJbHBIM aTMOC(HEPHBIM JABICHHEM BO
BHYTPEHHEH MOJIOCTH 00ecreunBaeT yCIOBHs Uil 0€30MacHOW TPAaHCIIOPTUPOBKU T'PY30B U
[aCcCaKUPOB.

3akiarouyenue: PaspaboTaHHbIl crnoco0 npeaHa3HAYeH JUIsl CHUKEHUS CHIIBI
COIIPOTUBJICHUA BO3AyXa IIPHU ABHUXXCHUW TPAHCIHOPTHOIO CPCACTBA BHYTPU I'CPMCTUUYHOTO
TpaHCIIOPTONpOBOAa ©e3 co3gaHust Bakyyma. llpencraBieHHbBIE pa3pabOTKH HMEIOT
IEPCICKTUBBI HCIIOJB30BAHUA B IPOCKTAX BBICOKOCKOPOCTHBIX TPAHCIIOPTHBIX CHCTEM
IIOA3EMHOI'O U IMMOABOJHOI'O MCIIOJTHCHU .

Kniouesvie cnosa: BBICOKOCKOPOCTHBIE TpPAHCIIOPTHBIE CHCTEMBI, BaKyyMHBIN
TPYOHBIH TpaHCIOPT, NPO(UIBLHOE CONPOTHBJIEHHWE BO3JyXa, BO3ayxoo0MeH, [umepmym,
Tpancllon

INTRODUCTION

As of today, there are various conceptual options of high-speed tunnel and
tube transport systems, which are being designed for passenger and cargo
transportation at speeds of more than one thousand kilometres per hour. The
most popular systems among the engineers are vacuum transport systems with
sealed lines, from which the air which is the cause of air drag to the transport
running in closed space, is pumped out by compressors. For safe transportation
of passengers and cargo in vacuum transport systems, it is required to use
specially designated vehicles with sealed casing, able to maintain atmospheric
pressure inside the vehicle with significantly decreased outside pressure (i.e.
transport line). Among the major competitive advantages of vacuum transport
systems over other modes of transport, there are: high speed of transportation
with low operational costs (as there is no energy spent to overcome counter-
running airflow); independence of operation from weather conditions (wind,
fog, rainfall); exclusion of vehicles collision.

The main sphere of application of vacuum transport systems is cargo and
passenger transportation for long-distance between large metropolises. On such
routes, the vacuum transport systems are capable of competing with even air
transport, since planes spend time and energy to take off to the required altitude
in a low-density atmosphere, in which it operates. In its turn, the vehicle while
moving in a vacuum pipeline switches to the same operation mode (with low-
density counter-running airflow) without additional time and energy losses. The
biggest benefit from operation of vacuum transport systems can be gained
through their integration with urban transit systems, in particular, with
underground and suburban trains [1-4]. However, vacuum transport systems
have a number of weaknesses: they require considerable capital costs for their
construction; operational safety provision in low-pressure medium is required;
and transport pipeline maintenance costs can outweigh the effect from
transportation speed increase [5].
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METHODS

The main structural element of high-speed tunnel and tube transport
systems is the evacuated line, which is composed of casing (round as a rule) and
a track, used to carry the vehicle. The first prototypes of high-speed tube
systems, using vacuum to reduce the air drag in sealed tube, emerged more than
one hundred years ago. For instance, the Russian scientist Boris P. Weinberg
and the American engineer Robert H. Goddard independently suggest a way to
organise high-speed motion of transport vehicle in a tube that would have air
pumped out of it [6-7].

During the course of XX century, the conceptual approaches to design of
vacuum transport systems were developed. Various modifications of the tube
design were suggested and innovative power units for the vehicle drives were
adapted. For instance, the American inventor Daryl Oster patented a combined
structure of several vacuum tubes, which were supposed to carry vehicles in
counter-directions [8-9].

Today’s models of tube transport systems the idea of which is to use
vacuum to reduce air drag to motion, are divided into two basic design types,
depending on degree of reduction of atmospheric pressure in the tube: first,
these are hard vacuum systems with pressure reduced to less than 1 Mpa, and
secondly, backing vacuum systems with pressure reduced to less than 100 Mpa.
As to many experts, the most promising are the backing vacuum systems, as the
costs associated with their construction are considerably lower as compared to
capital investments into hard vacuum systems, whereas the technical and
operational differences between the two types of transport systems are
insignificant. The greatest potential, however, is attributed to backing vacuum
transport systems that use maglev technology for motion. Such designs are
capable of excelling all existing alternative transportation systems [10].

However, speed characteristics and economic efficiency of backing
vacuum systems are limited to fundamental factors, that are known in gas
dynamics theory as “Kantrowitz limit” [11-13]. These factors manifest
themselves when vehicle moves with supersonic speed in isolated medium and
are characterised by air ceasing to seep from the front part of the inner cavity of
the tube (located before the head part of the moving vehicle) to the rear part,
located at the tail of the vehicle, through the interwall space, which is formed by
the casing of the tube and body of the transport. The residual (that did not seep)
air creates excessive pressure in front of the vehicle and enhances the air drag.

In order to ensure free air flow through the interwall space in backing
vacuum systems, special forms of vehicles are used and the diameter of the tube
Is increased to such a size that the entire volume of residual air, regardless of the
speed of the vehicle, will freely pass from the front to the rear of the tube and fill
the discharged space behind the vehicle. However, these methods are not devoid
of disadvantages either. In particular, the construction and operation of vacuum
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transport systems with large diameter of the tube leads to increased costs and
has a negative impact on the return of investment in such projects.

Therefore, the task of reducing the counter-air flow resistance to the
vehicle movement by means of forced redistribution of air from the front to the
rear of the tube is also relevant for backing vacuum transport systems. In the
context of the present study, the set of actions, which redistribute or which cause
the redistribution of air from the front to the rear part of the tube, will be called
the air exchange process.

In backing vacuum transport systems such as Hyperloop and TransPod the
air exchange process suggested to be provided within the limits of the inner
cavity of the tube, through equipment that is part of the vehicle structure. This
method will be called “internal air exchange” in our study. The main structural
element used for internal air exchange in vacuum transport systems, is the
compressor unit, which is placed at the head part of the vehicle. In Hyperloop
the compressor unit redistributes the counter-flow under the bottom of the
vehicle to create an air cushion, that eases the motion of the vehicle [13]. In
TransPod the compressor unit pumps the air through ducts in the body of the
vehicle and exhausts it through the outlet nozzle to the rear part of the vehicle,
thus creating additional propulsion for the vehicle acceleration [14].

However, organisation of internal air exchange as in Hyperloop and
TransPod reduces throughput capabilities and operational efficiency of such
transport systems, as placing of the additional equipment on the vehicle (i.e.
compressor units, air blowers, etc.) will lead to reduction of passenger and load-
carrying capacities of the vehicle. Furthermore, the designs of Hyperloop and
TransPod have a number of other weaknesses, which are characteristic for all
models of backing vacuum and hard vacuum transport systems. In particular, the
reduction of air drag force through creation of vacuum in transport tube poses
risks for passengers or cargo in case of the decompression of the vehicle.
Besides, construction of vacuum transport systems will require skyrocketing
Investment, since the structure of vehicles and tubes designed to operate under
large pressure differentials, must be of increased durability, and the operation of
these systems will be accompanied by additional operational costs for
elimination of possible air leakages in the walls of the tube casing. The
elimination of these leakages will require suspension of all traffic. Therefore, the
application of high-speed vacuumless tube transport systems with normal
atmospheric pressure, which will use external air exchange between the front
and the rear parts of the inner cavities of transport carrying structure, is seen as
more promising.

RESULTS

The main purpose of the proposed vacuumless way to reduce air drag to
the vehicle is about increasing efficiency and safety of cargo and passenger

Received: 27.06.2019 Revised: 13.07.2019 Accepted: 15.07.2019
Moctynuaa: 27.06.2019 Ono6pena: 13.07.2019 Ipunsita: 15.07.2019



52 TPAHCHOPTHBIE CUCTEMbI U TEXHOJIOT'HH OPUI'MHAJIBHBIE CTATbH
TRANSPORTATION SYSTEMS AND TECHNOLOGY ORIGINAL STUDIES

transportation by sealed transport tubes through organisation of external air
exchange between the front and the rear parts of the transport tube.

The motion of vehicle in an insulated space with natural atmospheric
pressure is accompanied by energy losses associated with overcoming profile
resistance of the front and rear surfaces of the vehicle, explained by undesirable
changes of pressure in the transport tube: in the front part, the injection of
pressure and compaction of air take place, in the rear part, the decrease of
pressure and density of air is noted. The characteristic changes of the air
parameters caused by transport mode travelling is called the piston effect [15].
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Fig. The general structure and principle of operation of the external air exchange with
separate air ducts:

1 — front part of the tube (increased air pressure area); 2 — rear part of the transport tube (low
air pressure area); 3 — air collector; 4 —through hole in the casing of the transport tube to
pump out air; 5 — through hole in the casing of the transport tube to inject air; 6 — separated
exhaust air duct; 7 — separated inlet air duct; 8 — exhaust compressor units switched on;

9 — inlet compressor units switched off; 10 — open gate valve of exhaust air duct; 11 — open
gate valve of inlet air duct; 12 — inlet compressor units switched on; 13 — closed gate valve of
inlet air duct; 14 — closed gate valve of exhaust air duct; 15 — exhaust compressor units
switched off; 16 — direction of air movement from transport tube to air collector;

17 — direction of air movement from air collector to transport tube;

18 — through hole in the air collector casing used to pump out air;

19 — through hole in the air collector casing used to inject air;

20 — transport tube; 21 — vehicle.
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With piston effect, the significant increase of energy losses is indicated
that is needed to overcome the growing force of counter-air resistance, the value
of which is proportional to the square of the vehicle speed [16]. To exclude the
energy losses above, it is suggested to organise synchronous and well-balanced
(in terms of volume) pumping of the air from the front part of the tube to the
rear part. The general principle of the external air exchange and structural
elements of the equipment, used in this process, are shown in Fig.

Redistribution of the air flow between the front (1) and the rear (2) parts
of the tube is provided by external air exchange through air collector (3)
separated relatively to the tube, and which is a typical welded-structure reservoir
for gas storage (cylindrical, as a rule) with increased requirements to materials
of which it is manufactured.

To organise the external air exchange, in the casing of the transport tube
at least one through hole (4) is made to pump out air, and at least one through
hole (5) to let air in. The holes are usually round in cross section and are evenly
distributed along the casing of the tube. Holes of different designation (for inlet
and pumping out) are recommended to be placed in pairs near each other to the
extent possible given the sizes of the transport tube structure.

The external air exchange unit comprises separated exhaust (6) and inlet
(7) air ducts, through which, respectively, pumping out and injection of air is
ensured in the transport tube; the air collector (3), receiving pumped out air from
the front part of the transport tube, and it is from here that air is forced into the
rear part of the transport tube; compressor units (8) and (9) which pump air; gate
valves which are used to prevent air from flowing between the transport tube
and the air collector when the compressor units are switched off. In Fig. 1, the
gate valves (10) and (11) are shown as opened, when the exhaust (8) and inlet
(12) compressors are switched on, and the gate valves (13) and (14) are shown
as closed, when the inlet (9) and exhaust (15) compressors are switched off. At
the given working condition of the air exchange unit elements, the air from the
front part of the tube (1) moves to the air collector (16), and from the air
collector (17) to the rear part of the tube (2). It is possible to organise the air
exchange process without using the air collector unit directly through the
atmosphere. This design can be used to reduce the cost of constructing a high-
speed ground transport system.

The combination of exhaust ducts with the gate valves and compressor
units forms the exhaust system. Similarly, a set of inlet ducts with the gate
valves and compressor units form an inlet system. The ducts, gate valves and
compressor units, as well as the connected inlet ducts, gate valves and
compressor units, are structurally and functionally connected to form separate
units of the corresponding air exhaust or inlet systems (hereinafter referred to as
components of the air exchange system).

The exhaust (8) and inlet (9) air ducts are airtightly fastened (screwing,
welding or other reliable methods) to the transport tube and air collector along
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the perimeter of the corresponding through holes (4) and (5). Similarly, the air
ducts are fixed to the air collector (3) along the perimeter of the through holes
(18) and (19) in its casing. The airtight connection of the transport tube with the
air collector allows for construction of high-speed underground and underwater
transport systems.

If required, the intensity of air exchange can be increased through
additional pumping out and inlet air ducts. At this point, compaction of the air
ducts (6) and (7) is possible by virtue of their connection to the transport tube or
the air collector through combined through holes (4) and (5) or (18) and (19)
respectively. This design solution also allows for reduction of sizes of the air
collector.

The external air exchange systems provides for automatic control of the
gate valves and compressor units using the actual vehicle location and speed
data. To record the respective data, electronic sensors embedded into the
transport tube track, casing or vehicle can be used [14, 17-20]. The speed of the
vehicle at each section of the line is regulated depending on the actual
performance of the air exchange system components. At the same time, the
issues relating to regulation of the air exchange system components is a self-
standing topic and is not covered in this study.

CONCLUSION

The developed method is suggested for reduction of the air drag in the
airtight transport tube without creating vacuum. At the same time, the research
results provided in the paper as well as the developments suggested do not
intend to doubt prospects for developments and efficiency of application of
vacuum transport systems. The authors seek to attract specialists’ attention
towards the necessity for further development of systems and structures, which
will be able to reduce profile air drag of the vehicle operating at high speed
within transport tubes and tunnels. It is the authors’ opinion that such transport
systems have prospects for widespread application. In recent times, various
construction projects for such underground and underwater systems have been
discussed. For instance, National Consultative Council of the United Arab
Emirates have declared plans to construct the subsea tunnel to connect Fujairah
(UAE) and Mumbai (India), which will be laid in the Indian Ocean. The airtight
tunnel will be used to organise high-speed railway traffic, and lay down oil, gas
and water pipelines. Additionally, the laying of separated backing vacuum
railway transport tube is being discussed. The parameters of the undersea tunnel
allow equipping it with the air exchange system proposed by the authors in this
paper, thus simplifying the design of the tunnel and increasing the speed of
trains. The method developed by the authors can also be used in organisation of
tunnel railway connection between Helsinki and Tallinn, which is planned to be
constructed on the bottom of the Baltic Sea in the near years.
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