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AHHoOTaumA. B gaHHOM cTaTbe paccmatpuBaeTcs U obcyxaaetcs
npobrnemMa JOCTUXKEHMUS HU3KMX CTaTUYECKMX TeMMepaTyp ra3oBbix
MOTOKOB NMpu aguMabaTMyeckoM paclUMpPEHMU Fa3a B CPaBHEHUN C
JpoccennpoBaHNEM rasoBbiX MOTOKOB NPU pe3koM rpaauneHTe
OaBrieHus1, KakK, Hanpumep, npu cHmxkeHun gasnenuns go 10 MlMa B
YCMOBUSAX HU3KUX TemnepaTyp — TeMnepaTypHble ra3oBble cenapa-
Topbl (FC) n obcyxaparTca pesynbTaTbl pacyeToB, MOMYYEHHbIE
Npy Tpex pasfu4YHbIX PeXMMax TeYeHusi rasa: TpaHC3BYKOBOM,
3BYKOBOM M CBEPX3BYKOBOM pexmnmax TeyeHud rasa c 4mcnom Ma-
xa 6onee 0,6. Tak kak cuTyaumm agmabaTtu4eckoro pacLuMpeHus
rasa ns-3a pesKkoro HeOXWAaHHOro nepenaga AaBrieHUs BO3HMKA-
0T B MPOMbILLIEHHOCTN JOCTATOYMHO 4YacTo, OCOOEHHO Ha cyXato-
LLKMXCA yyacTKax rasoTpaHCMOPTHOW CUCTEMbI, U HAHOCAT Cylle-
CTBEHHbIN yLlepd 1 npsmon Bpen B BUAE 0b6pa3oBaHnst COCyrek 1
rMapaToB, KOTOpble BMOCMEACTBUMM elwle Oonblle CyXalT MOTOK
Yyepes cyxatowme conna u nogobHoe obopyaoBaHue apHEKTUBHO
Griokmnpyet ero. BmecTe ¢ Tem TakMe NoBpeXxaeHnsi NoTeHLManbHo
MOryT NpeacTaBnATe KOPPO3UOHHYIO OMACHOCTb C Mocneayowmm
BbIXOOOM 060pyaAoOBaHMs N3 CTPOs. ATO OCOOEHHO akTyanbHO Mpu
pasgeneHun n TpaHcnopTupoBke rasoB. Kpome Toro, Takoe OBu-
)KEHME BbI3bIBAET 3HAYUTENbHBIE M3MEHEHUSA CKOPOCTU 3BYyKa, pe-
rMMCTPUpYEMbIE BOKPYI CyXaloLLMX conen, 3aABWXKeK, perynupyto-
LWMX KranaHoB WM ApPYrMX MOQOGHbIX YCTPOWCTB. [lonydeHHble B
pacdeTax pesynbTaTbl, KOTOPblE NPaKTUYECKN HEBO3MOXHO MOMy-
YUTb SMMUPUYECKU, U OCHOBHbIE NMapamMeTpbl XapakTepHbl AN Tu-
MOBbIX PEXUMOB pPabOTbl CTPYMHBLIX annapaToB, MUCMOMb3yeMbIX B
rasocenapaTtopax, npu OOCTUXKEHWUN HU3KOCTaTUYECKMX Temnepa-

TYp.

KnioueBble cnosa: agnabatudeckoe pacluvpeHue, agnabatuye-
CKOe oxnaxaeHue, TedyeHue rasa, cenapawusi.
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Annotation. In this article we consider and
discuss a problem of achieving low-static
temperatures of gas flows in adiabatic ex-
pansion of gas versus throttling of gas flows
in case of a sudden pressure gradient, like,
for example, during pressure reduction to 10
MPa in the low-temperature gas separators
(LTS) and discuss calculation results ob-
tained at three different gas flow regimes:
transonic, sonic, and supersonic gas flow
regimes with Mach number higher than 0.6.
As situations of adiabatic expansion of gas
due to a sudden unexpected pressure drop
occur rather often in the industry, especially
in narrowing parts of the gas transport sys-
tem and cause significant deficiencies and
outright harm in form of formation of icicles
and hydrates, which subsequently further
narrow the flow through the narrowing noz-
zles and similar equipment effectively block-
ing it. Alongside with that such damage can
potentially pose corrosion hazard with subse-
quent failure of the equipment. This is espe-
cially relevant during gas separation and
transporting. Furthermore, such motion caus-
es significant alterations to the speed of
sound registered around the narrowing noz-
zles, latches, control valves and such other
devices. The results obtained in the calcula-
tions, that are nigh to impossible to obtain
empirically, and basic parameters are repre-
sentative of typical work modes of jet appa-
ratuses used in gas separators when achiev-
ing low-static temperatures.

Keywords: adiabatic expansion, adiabatic
cooling, gas flow, separation.

Introduction. It is a common knowledge, that it is impossible to ensure high-quality gas prepara-
tion for transport using only conventional throttle method with natural cool during gas flows’
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pressure reduction to 10 MPa in the low-temperature gas separators (LTS). Artificial cooling in the ammonia
or propane refrigerators is required, which is not always economically viable.

In this scenario use of low-static temperature high-velocity flows during their adiabatic expansion is
considered. Such a temperature in the technical literature on aerodynamics is referred as: true, thermody-
namic, static or local gas flow temperature ( Leontovich M., 1983; Baker et al, 2008).

2. Experimental part. Low-static temperatures generated at transonic and supersonic speeds of gas
flows with Mach number > 0.6, and with increase in this number (i.e. velocity of the gas flow) even static
temperatures cannot be measured directly, since such a measurement requires motion of the measuring
device at the same high speed as the gas flow. Achieving such a motion is nigh impossible. This tempera-
ture of the high-speed flows can be determined analytically through gas flow deceleration temperature, i.e.
mentally imagined stopped gas flow (W = 0). After gas separation in the environment of low-static tempera-
tures, their values can be determined through gas wetness degree (i.e., through dew point temperature) of
the separated gas flow (Panahov R.A. et al., 2014; Carta et al., 2013; Althuluth et al., 2014 ).

Creation of low-static temperatures can be observed in various hydrodynamic processes, in high-velocity
flows’ efflux in shot time spans and in limited volume. This phenomenon is considered negative both in aviation
and in natural gas industry, methods of its prevention and elimination are being constantly developed.

Laws of aerodynamics imply, that in certain regions of flow around convex surfaces outside the border
layer the flow velocity is higher, than in oncoming flow. Hence, in these regions temperature is lower than in
oncoming flow.

This situation is observed in the narrowing parts of a gas transport system (gauges, valves, latches,
control devices). During separator evacuation through semi-open latches these fixtures can behave as nar-
rowing nozzle or Laval nozzle. After liquid has been extracted from the separator and brief efflux of gas
through these latches into the atmosphere, gas flow may acquire transonic or supersonic velocity. As a re-
sult, walls of the latches and discharge tube can cool below 0 °C due to low-static temperatures effect which
would lead to condensation and subsequent freezing of the atmospheric moisture. This process can result in
formation of hydrate-ice plugs in the said places. Such a negative impact may incapacitate latches and con-
trol device valves of a gas transport system.

Snow deposits in parts of the tube directly adjacent after the latches is a common occurrence during
even small pressure changes in the gas flow. An attempt to explain this as a common gas throttling event
(Joule-Thompson effect) is incorrect, as pressure change in the flow is insufficient to cause gas cooling as a
result of Joule-Thompson effect. Adiabatic expansion of the high-velocity gas flow with local low-static tem-
peratures of the said flow is a more likely culprit. In these cases, moisture freeze, and hydrate crystals for-
mation can often partially plug though holes of narrowing nozzles thus, causing an equipment failure. Mois-
ture freeze and ice formation in high-speed gas flows can be experimentally observed, as water is introduced
into the effusing flow. Special measures are undertaken to mitigate this issue in gas transport systems, same
to the aviation industry.

3. Results and discussion

Results of the low-static temperatures acquisition in adiabatic expansion of gases at initial pressure of
P, = 10 MPa and initial temperature of t, = 20 °C depending on the initial and terminal pressures and based
on gas-dynamic relations are given in the table below. Here values of the static pressure (Ps = Psep),
the pressure changes AP = P, — Py and temperature changes At = t, — ty, Mach number and velocities of the
gas flow depending on the acquired low-static temperatures are demonstrated.

Results are calculated for transonic, sonic, and supersonic flow regimes.

Table 1 — Comparison of the calculational parameters during adiabatic expansion and throttling of gases. Source:
Composed by the authors

Adiabatic expansion of gases

Transonic regine Sonic (critical regime) Supersonic regime
Po/Pst 1,356 | 1,471 1,737 1,83 1,90 2 2,5 3
Pst, MPa 7,37 6,80 5,76 5,46 5,26 5,0 4,0 3,33
AP = P, — Pgt, MPa 7,63 3,20 4,24 4,54 4,74 5,0 6,0 6,67
tst, °C 0 -5 -15 -18 —-20,4 | -23,2 | -35,7 —45
At =t—1gy, °C 20 25 35 38 40,4 43,2 55,7 65
M 0,672 | 0,787 | 0,950 1 1,03 1,07 1,25 1,38
W, m/s 299 333 396 414 425 440 500 544
Gases throttling
Py, MlMa 7,37 6,8 5,76 5,46 5,76 5,0 4,0 3,33
AP = Py — Py, MPa 2,63 3,2 4,24 4,54 4,74 5,0 6,0 6,67
trin, 2C 10,8 8,8 5,2 4.1 3,4 2,5 -1 -3,3
At =ty -1, °C 9,2 11,2 14,8 15,9 16,6 17,5 21 23,3
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The respective values for cooling of gas due to throttling process in the same initial parameters are
provided in order to demonstrate superiority of adiabatic expansion method over gas throttling. Table data
and gas-dynamic relations analysis clearly shows that:

— to achieve static temperature: ty; = 0 in the observed precritical environment and at initial parame-
ters of: P, = 10 MPa and t, = 20 °C value of P,/Pg; = 1,356 is sufficient, i.e. pressure change of 2,63 MPa, but
during gas throttling process in the same initial conditions, is just ts, = 10,8 °C. Wherein in adiabatic expan-
sion process coefficient as — is equal to: ag = AVAP = 20/2,63 = 7,6 °C/MPa, though in throttling process:
a; = 10,8/2,63 = 3,49 °C/MPa, 2,18 times less (as/a; = 7,6/3,49 = 2,18); — at the critical gas flow regime, in
the observed initial conditions (P, = 10 MPa n t; = 20 °C), low-static temperature reaches negative 18 °C in
an adiabatic expansion process, while in a throttling process final temperature only reaches 4,1 °C. In this
regime as/q; ratio becomes 8,37/3,5 = 2,39, i.e. ag/a; increases with increments in Mach number or velocity of
the gas flow: — in supersonic flow regime (M = 1,38) in the aforementioned initial conditions low-static tem-
perature reaches negative 45 °C if pressure ratio is Po/P = 3 or pressure change is AP = 6,67 MPa; in this
case pressure drop equals: At = 65 °C and as = 65/6,67 = 9,74, wherein during throttling process
tk = — 3,3 °C, P« = 3,33 MPa, AP = 6,67 MPa, At = 23,3 °C, a; = 23,3/6,67 = 3,49. In this regime ratio equals:
ag/a; = 9,74/3,49 = 2,79. Consequently, static temperature is significantly lower in adiabatic expansion of
gases with increments in gas flow velocity, than final temperature is in gas throttling process tg << 1.

Aerodynamic curves analysis for adiabatic expansion of gas flows for 3 (transonic, sonic, and super-
sonic) regimes demonstrate (Aliyev et al., 2007; Mustafayev et al., 2015; Yeyamtsev, 1983) — as initial condi-
tions are lowered (P,, t,) all three regimes require smaller pressure changes to achieve low-static tempera-
tures;

— to get ty = 0 °C at the atmospheric pressure Pg = 0,1 MPa, in an adiabatic expansion process with
initial temperature 20 °C, initial pressure would be: T,/Ts; = 293/273 = (P,/0,1)0,23; 1,0734,33 = P,/0,1;
P, = 0,101,357 = 0,14 MPa. That is to say that to get tst = 0 in the atmospheric conditions it only suffices to
have a pressure drop of AP = 0,14 — 0,1 = 0,04 MPa. Such an insignificant pressure drop leads as men-
tioned above to formation of snow deposits on the surface of purge valves of a separator;

— characteristic element of a transonic regime (M < 1) is that with decrease in the cross-sectional ar-
ea of the narrowing nozzle (dT < 0) flow velocity increases (dW > 0). Wherein nozzle flow pressure, density,
temperature of the gas decrease, local speed of sound decreases as well (pic. 1);
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Figure 1 — Correlation between gas flow velocity and speed of sound. Source: Composed by the authors

— critical flow regime is a special case situated at the limit between transonic and supersonic flows. It
is commonly known that as pressure drop increases (or Po/P ration) nozzle velocity increases as well, and
speed of sound in such a flow decreases. Finally, at a certain pressure drop flow velocity (W) and local
speed of sound (a) come to an equilibrium (W = a = W, = acr; M = 1) marking start of a critical flow regime; —
in adiabatic flow critical velocity can be reached in the narrowest cross-section of the tube or in the end of a
narrowing nozzle. In this critical cross-section critical velocity and critical (maximal) flux are established «au-
tomatically»;
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— gas flow velocity is independent of the absolute value of the initial pressure (P, at W = 0) nor it de-
pends on the pressure drop (AP = P, — P), it depends on initial deceleration velocity (T, at W = 0) and pres-
sure ratio (P/P,) under effect of which the effluxes occur;

— the lower the P/Po ratio, the higher flow velocity; yet even as pressure ratio approaches zero
P/P, = 0 (which can occur if the efflux happens in an absolute vacuum or if initial pressure approaches infini-
ty P, = ) velocity cannot increase infinitely. Theoretically maximal velocity is independent of the initial de-
celeration pressure (P,) and is defined by physical properties of the gas (through values of K and R) and val-
ue of the initial deceleration temperature (T,):

’ 2k
W = EgRTo .
max

For the natural gas (methane) at t, = 20 °C: W5y = 67,06\/?0 =M 47 m/s.

4. Conclusions. It is important to understand that in all gas flow regimes constant values of the criti-
cal parameters and resting gas parameters, maximal velocity (Pc., Per, Ters Pos, Pos To), @s well as non-
dimensional parameters: Mach number (M = W/a) velocity coefficient (A = W/a,,) are ground parameters in
determination of low-static temperature of a gas flow;

— speed of sound (or speed of propagation of small perturbations), that is defined by formula:

a =+/kgRT | only depends on molecular structure of a gas and its temperature, yet is completely inde-

pendent of motion conditions;

— speed of sound dependence (a) on the gas flow velocity is only a result of gas temperature change;
thus, as the velocity of an adiabatically expanding flow increases (i.e. as temperature decreases) the speed
of sound decreases as well, and as such velocity decreases (i.e. temperature increases) so does the speed
of sound increase.

— gas flow critical velocity (W, = a¢) is a criterion for flow regimes, meaning that at W < W, —
the flow is subcritical, at W > W, — supercritical; — gas flow critical parameters (W.,, Pcr, Pers Ter), as well as
deceleration parameters (P, po, To) at W = 0, are constant and remain constant for the entire isentropic flow.

Thus, gas flow critical regime at which gas flux becomes maximal is, in general, a calculable regime
for all jet apparatuses. Constant parameters of this regime greatly simplify aerodynamic calculations, includ-
ing low-static temperature values determination, that practically cannot be measured directly.
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