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MODEL OF SOLID PARTICLE DEPOSITION FROM THE TURBULENT GAS FLOW

The deposits of solid particles on the walls of pipeline are the cause of pipeline choking and even rupture
accidents in industry each year causing misleading the process intent, destructions, human casualties as well
as environmental pollutions. To measure and to manage the risks caused by particles deposition are one of
the objectives of modern process safety. The measure of risk means to find a probability of event occurring
during some specific duration of time (most often 1 year) and to know the consequences of the event. To be
able to find the probability of pipeline choking the dynamic model of particle deposition need to be
developed. There are numerous studies of solid particle deposition on the walls of pipeline with turbulent or
laminar flows of compressible or incompressible liquids. The model of solid particle deposition from the
turbulent gas flow has been proposed and qualitatively verified under this study. The solution of governing
equations with applying of finite elements method and numerical analysis has been found. In the basics of the
current study the model of particle deposition intensity from the turbulent flow developed by S. K. Beal (1970)
has been applied. The model accounts both eddy and Brownian diffusivity factors which are competing with
each other depending on particle’s size scale and flow properties. A comparison of the model’s behaviour
with the other particle deposition model has been provided and showed a good qualitative agreement with
other studies. The model can be applied in numerical risks analysis (with caution) in the part of time duration
calculation which causes the critical increasing of pipeline’s resistance. Also finite element method gives the
profile of deposits (deposition thickness distribution along the pipe) which can be useful to predict the
possible coordinates of the maximum deposition thickness as well as to study the influence of different initial
conditions such as particle and fluid properties on the deposition rate and distribution as well as to observe a
hydraulic regime in the pipeline.
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Introduction
Deposits of hydrocarbons, polymers, wax, hydrates or even sand in a pipeline can cause a damage of industry facilities
yearly changing a hydraulic regime of a pipeline, decreasing or even stopping flow rate [1]. As a risk factor the
probability of pipeline resistance increasing more than limit mark has been assumed. The probability of pipeline’s
depositions which cause a significant increasing of pipeline’s resistance is connected to the time duration of releases
with solid particle contaminations and the expectancy of this type of releases during a time period such as a 1 year as
well as duration of the release needed to achieve the increasing of pipeline resistance higher than limit value. To be able
to predict a time period of pipeline service under the conditions of solid particles presence in a fluid flow a multiple
models and studies have been done which differ in initial/boundary conditions and precisions of the results. Such
models vary from simplified empirical types [2], [3], [4] to more sophisticated theories with higher agreement with
experimental data [5], [6], [7]. The main idea of the published researches is to account eddy diffusivity and Brownian
movement as a deposition force for a particles of different scales. This theory has been implemented in our study and
the result obtained is a simplified half-empirical model which predicts the deposition profile along the pipe for a certain
moment of time since the flow has been started.
Mathematical description

The model assumes next considerations:

o apipe with defined length, constant roughness and various diameter is given;
the pipe connects inlet and outlet with defined pressures;
the pressure at the inlet should be more than the pressure at the outlet;
fractional composition of solid particles by size is defined;
a mean diameters of each particles fraction are defined;
particles are spherical;
gas flow is isothermal,;
gas is ideal;

e gravity could be neglected due the sizes of particles (less than 100 um) and the velocity of the gas flow (Re
greater than 4000);

o fractions concentrations of particles at the inlet of pipe are independent of time.
As shown at figure 1 we have a gas flow containing solid particles which is moving by the pipe from the point with a
higher pressure to the point with a lower pressure. On the way of gas flow we can observe a particle deposition on the
pipe wall which inflicts a variety of a cross-sectional diameter along the pipe. Pipe is divided on equal elements with
length Ax (Ax—0). Each element contains its own concentration of particles, fluid velocity, pipe cross-section diameter,
pressure and deposition rate.
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Figure 1 - Schematic depiction of solid particle deposition model from the turbulent gas flow

Assume that we have a number of fractions of the solid particles. Each fraction relates to mean diameter of particle and
particles concentration. As well as deposition intensity is a function of particle diameter then the deposition intensities
should be calculated separately for each fraction (we assume that particle interaction could be neglected as we consider
low particle concentrations in the gas flow). The continuity equation for i-th fraction of solid particles could be
described as:
dN;;
d_rj' =Fj_1-G1; = F - G — N,

Wji

T Dpipej - Ax 1)

where: N;; is an amount [kg] of i-th particles fraction in j-th element; T — time [sec]; F;_;, F; — are volume flow rates
[m3/sec] of gas flow in j-1-th and j-th elements respectively; Cj-1,i, Cj; — are concentrations [kg/m3] of the particles of i-
th fraction; NW].’l. is a deposition intensity [kg/(m?-sec)] of the particles of i-th fraction in j-th element; Dpipej is a
diameter of pipe (accounting the deposits) in the j-th element; Ax — is a step-size [m] of element.

For simplification of the problem and accounting relatively high velocity of the gas flow we consider that each time

step of solution we observe stationary concentration distribution along the pipe:
de,i

- =0 )
Rewriting eq. (1) accounting eq. (2) gives:
Foy- Gy —F- G — NWj,i T Dpipej Ax =0 3
Nu;; could be defined as:
Nw]"i = Kdepj‘i ’ Cj,i (4)

where: Kdepj . is an deposition velocity [m/sec] of solid particles of i-th fraction in j-th pipe element.

L
Eg. (3) and eq. (4) could be used to define a concentration of the i-th particles fraction in the flow which moves to the
next element:
Fj_1Cj_1;
= 5
It Fj"'Kdepj’i'”'Dpipej'Ax ( )
To be able to define a diameter variation of the j-th element as a function of time we need to find a total deposition
grow speed [m/sec] in the j-th element. The total deposition grow speed could be defined as:
Ny : :
Uw):‘j = ?I:l% (6)
where: N is an amount of particle fractions; iji is a deposition intensity [kg/(m?-sec)] of the particles of i-th fraction
in j-th element; p; is a mean density [kg/m?] of the particles of i-th fraction.
Diameter variation as a function of time could be defined as:

dDpipe
Substitution of eq. (6) to eq. (7) gives:
deipej -2 ZN NWj,i (8)
dt =1 Pi

To be able to define the gas flow velocities and pressures in each element of the pipe the Darcy-Weisbach equation
could be applied [8]:
Ax pgaSjsz

J s,
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where: K; — is a Darcy-Weisbach friction factor of j-th element; S; — is a cross-section area [m?] of the j-th element;
Pgas; ~ is a gas density [kg/m®] in the j-th element; U; — is a velocity [m/sec] of a gas in the j-th element; P,_;, P; are

pressures of j-1-th and j-th elements respectively.
Darcy-Weisbach coefficients could be defined by numerous empirical methods (as well as by using a hydraulic
calculation of the pipeline) or by using the Colebrook-White equation [9].
Continuity equation for gas flow could be written as:
) -

U e const (10)
where: Vy ; is a molar volume [m*mol] of the gas in the j-th element.
The area of cross-section of the pipe in j-th element could be defined as:

Dpipej2
Sj =T 2 (11)
The molar volume of gas could be defined as (assuming gas as ideal):
R'T
VMJ' - Pavg ; (12)
J

where: R is gas constant [J/(mol-K)]; T is a temperature [K] of gas flow (we assume an isothermal gas flow); Pa,,gj —is

an average pressure of j-th element.
The average pressure of the j-th element could be defined as shown below:
Pj_1+Pj
Pavgj =T 5 (13)
Equations (9), (10) could be solved numerically using linear algebra methods and graph theory.
The intensity of particle deposition is a complex function of numerous variables and defined by S.K. Beal (1970) [2] as
follows:

Nw]',i = f (epipe' Dpipej' Rej' Uj' Vgas' .ugasj' pparticlel-' dparticlei' Cj,i' T' p) (14)
where: e, is a pipe roughness [m]; Re; is a Reynolds number in j-th element; v, is a kinematic viscosity [m%sec] of
gas; Hgas is a dynamic viscosity [kg/(m-sec)] of a gas in j-th element; Pparticte; is a mean density [kg/m?] of the

particles of i-th fraction; dpam-dei is a mean diameter of the particles of i-th fraction; C;; is a concentration [kg/m?] of

the particles of i-th fraction in j-th element; T is a gas temperature [K]; p is a probability of adhesion of the particle to
the wall of pipe (assumed to be equal to 1).
The probability of the particle adhesion in general depends of restoring force (due the collision between particle and
wall), friction force, force of viscosity on small sphere and adhesion force as a function of both particle and wall
surfaces’ and materials’ parameters [3].
Solving equations (5), (8), (9) and (10) accounting the intensity of deposition function (14) gives a dynamics of pipe
diameter distribution along the pipe as well as a velocities of gas and pressures for each element.

Results and discussion
Several numerical simulations have been made in nanoscale and microscale (ranges 2 — 200 nm and 0,5 — 20 um of
sizes of particles). Initial conditions are shown in Table 1.

Table 1 - Initial conditions of nanoscale particle simulations

Particle Fluid | Pipe Pipe Surface Particle Tempe | Inlet/outl | Simulation | Darcy

concent | type diameter | length roughness | density rature et time [sec] friction

ration [m] [m] [m] [kg/m?3] of air pressure factor

[kg/m’] (K] [Pa]

0.006 air 0.02 30 0.0001 1200 293 111235/1 | 10000 0.01
01325

Fig. 2 displays the deposition thickness distribution along the pipe in condition that all the particles are single-sized
(particle size varies from 2 nm to 200 nm). As well as Brownian diffusivity has been implemented in the basis of the
model, so nanoparticles can be deposited due Brownian movement. Fig. 1 shows that with increasing of nanoparticles
size the deposition rate decreases because of the affinity of nanoparticles to the Brownian deposition [5]. The deposition
thickness is more significant at the inlet of the pipe due the higher concentration of nanoparticles and almost equal
Reynolds number along the pipe (due the small pressure drop and small Darcy friction factor).
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Figure 2 - Deposition thickness distribution of nanoparticles along the axis of the pipe

The opposite phenomena can be observed for micro-scale particles: the decrease of particle size implements increasing
of the deposition thickness Fig. 3 (initial conditions are the same as shown in Table 1, particle size range lays between
0.5 and 20 um). This effect could be explained by the eddy diffusivity mechanism which causes penetration of stopping
distance layer by massive particles [2], [10].
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Figure 3 - Deposition thickness distribution of micro-particles along the axis of the pipe

The size of particle and deposition profile relation is in normal qualitative agreement with data presented in [5]. This
can be explained by Brownian diffusivity and eddy diffusivity mechanisms implemented in a function of deposition rate
calculation [2]. An absence of experimental (or numerical simulation) data cannot approve the model’s behavior
quantitatively though the model uses simplified method which can be easily applied for solid particles deposition
problem.

Conclusions
The model of solid particle deposition has been developed on the basis of Beal’s deposition model for compressible



fluid flow. This approach covers only turbulent flow (Re over 4000). The model was validated with available published
data and qualitative agreement has been observed. A lack of relevant experimental data causes a problem with the
quantitative validation. The nanoscale and microscale particles influence on the deposition profiles is observed and
correlated with other published research data. The Brownian diffusivity takes place for a particles of nanoscale because
of the affinity of nanoparticles to the Brownian deposition. Increasing the size of particles in nanoscale implyies the
decreasing of particle deposition rate. On the boundary of nanoscale particle size transition to microscale the local
minimum of particle deposition rate has been observed. The cause of this minimum of deposition rate could be
described as both non-affinity of particle to Brownian deposition and still insufficient energy of little particle needed to
stopping layer penetration. Increasing the size of the particle in microscale the increasing of solid particles deposition
rate is following because of increasing of kinetic energy of particle which allows the penetration of stopping layer. So,
particle size, turbulence scale, fluid compressibility, temperature and other physical properties such as viscosity and
density of the fluid, pipe parameters such as surface roughness, diameter and length are essential in a prediction of
deposits profile along the pipe. The model accounts hydrodynamics of fluid flow as a function of pressure difference,
fluid properties, deposits profile and pipe parameters. Developed model could be used for prediction of risk in industry
where flows with solid particles contamination occur.
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Bioknadenns meepoux uacmuHox Ha cmiHKAx mpyobonposody € NpUuyuHow 3a0usku mpybonpogody abo Hagime
asapitnux po3pusie mpyoonpoeoodie y NPOMUCIOBOCHE WOPOKY, WO CHPUYUHIOE GIOXUNeHHS 6i0 yinel npoyecy,
PYUHYBAHHA, THOOCHKI dHCepmeuy, a maxKoxic 3a0pyOHeHHs HABKOAUWMHbO20 cepedosuwyd. Bumiposamu ma ynpaeniamu
PUBUKAMU, CRPUYUHEHUMU OCAONCEHHAM HYACMUHOK, € OOHICI0 3 yinell cyuacHoi npomucnogoi besnexu. Mipa puzuxy
03HAYAE BUABNEHHS UMOBIpHOCII NOOIL, W0 8i00yIACs NpomA2OM NeeHoi mpusanocmi wacy (natiyacmiwe 1 pix) i
3HAaHHS HACAIOKI8 nodii. L[o6 mamu modxciugicms euasUmMU UMOSBIPHICMb 3a0U8KU mpyoonposody, ciio po3pobumu
OUHAMIYHY MOOeNb 0CAOJCEHHs 4aCMUHOK. ICHyromb wucneHHi 00CniONceHHs: IOKNA0eHHsT MEEePOUX UYACMUHOK HA
CMIHKax mpyoonposooy 3 mypOyieHmHuMu abo IaMIHAPHUMU ROMOKAMU CIMUCTUBUX a0 Hecmucausux piout. Mooenw
0Cao0iCenHs: MBEPOUX YACMUHOK i3 MYpOYJIeHmMHO20 NOMOKY 2d3y 3anponoHO8AHA MA SKICHO NepesipeHda 8 pamKax
Ybo2o 0ocriodcenna. 3Hatideno piuienHs 06A306UX PIBHAHbL 13 3ACMOCYBAHHAM MemoOy CKIMYEHHUX eleMeHmie ma
YUCeNbHO20 aHANi3y. B ochosax nomounoeo 00cniodcenHs 3acmoco8ana Mooeib IHMEHCUBHOCMI 0CAONCEHHS YACMUHOK
3 mypbynenmno2o nomoxy, pospobnena S. K. Beal (1970). Mooens epaxosye six 6uxpogi, max i 6poyHiecoki ¢paxmopu
ougysii, AKi KOHKYPYIOMb MidC 00010 3AneICHO 8i0 Macumaby YacmuHok ma eracmugocmeti nomoxy. byno nposeoeno
NOPIGHANHHS NOBEOTHKU MOOET 3 THUOIO MOOELTIO OCADNCEHHS YACMUHOK, WO NOKA3AN0 XOPOULY SAKICHY Y3200CeHICMb 3
imwumu docniodicenuamu. Moodenvb mooice Oymu 3acmoco8ana 0/l YUCEeAbHO20 AHANI3Y PU3UKié (3 obepedicnicmio) y
YACMUHI PO3PAXYHKY MPUBANOCMI 4acy, AKA CHPUYUHAE KpumuuHe 30i1bUieHHA Onopy mpy6onpogody. Memoo
CKIHUeHHUX eleMeHmie 0ae npohinb GIOKIA0eHb (PO3NOOIN MOBUWUHU OCAONCEHHS 83008iC MPYOU), Wo Mmodce Oymu
KOPUCHUM OJisl NPOSHO3YBAHHS MONCTUBUX KOOPOUHAT MAKCUMANLHOI MOBWUHU OCAONCEHHS, d MAKONMC OISl GUBYEHHS



BNIUGY PIZHUX NOYAMKOBUX YMOB, MAKUX 5K 6IACMUBOCE YACMUHOK I DIOUHU, HA WBUOKICTb YIMGOPEHHS 0CAONCEHb MA
ix po3nooin, i cnocmepicamu 3a 2i0POOUHAMIYHUM PENCUMOM Y MPYOORPOBOJI.
Knrouosi cnosa: uucenvnuii ananis, 0caoddicents 4acmuHox, mpybonpogio, mypoyieHmuull nomik, ouQy3sis

Omanoodicenust meepobiX YACMuy HA CMEHKAax mpybonpoeooa SGNAemcsi NPUYUHOU 3a0usKu mpyoonposooa uiu 0axjice
asapulinblx paspuleos mpyoonpogooos 6 NPOMbIUIEHHOCIMU eHce200HO, YMO BbI3bIBAEH] OMKIOHEHUs Om yenel
npoyecca, paspyuleHusl, 4ei08edeckue JHcepmebl, d maxice 3a2psasHeHue okpyxcaiouell cpeosl. Mzmepsamo u ynpasiame
PUCKAMU, BbI3GAHHBIMU OCAICOECHUEM YACMUY, SGNAEMCS OOHOU U3 Yeell COBPEMEHHOU NPOMBIUIEHHON Oe30NACHOCTU.
Cmenenv pucka o3Hayaem 6blsiGleHUe GEPOSIMHOCMU COObIMUsL, NPOU3OUEOUe20 @ MeUeHUue ONnpeodeieHHOl
npooodHCUMenbHOCMU 8pemeHuy (vawje ececo 1 200) u 3HaHuA nocredcmsuti 0aHHoz2o codvimus. 4moobvl eviAeums
8epOAMHOCMb  3a0uUsKU  mMpyoonposoda, ciredyem paspabomams OUHAMUYECKYIO MOOeNIb OCANCOeHUSs UaACmuly.
Cywecmeylom MHO20UUCIEHHble UCCLeO08AHUSL OMJIOJICEHUsT MEEPObIX YACMUY HA CMEHKAX mpybonpogoda ¢
MYpPOYISHMHLIMU UYL TAMUHAPHLIMU ROMOKAMU CHCUMAEMbBIX UTU HeCHCUMaeMbix dcuokocmell. Moodenv ocasicoenus
meepobix uacmuy u3 mypOYIeHmMHO20 NOMOKA 2a3a NPEONONCEHA U KAYECMBEHHO NPOGEPEHA 8 DAMKAX IMO20
uccneoosanus. Hatideno pewienue 6a306viX ypagHenull ¢ npuMeHeHuem Memood KOHEUHbIX dNEMEHMO8 U YUCIeHHO20
ananuza. B ocnosax mekywezco ucciedosanusi npumenena MoOenb UHMEHCUBHOCU OCANCOCHUsT YACmuy U3
myp6ynenmnozo nomoxa, paspabomannasn S. K. Beal (1970). Mooenv yuumvieaem xax euxpesvle, mak u OpOyHOGCKUE
Gaxmopor oupysuu, Komopvie KOHKYPUPYIOM MexHcOy cOO0U 6 3asUCUMOCMU OM Macumabdba 4acmuy u CE0Ucme
nomoka. bvino npoeedeno cpasnenue noedenuss Mooeau ¢ Opyeou MOOeIbIo 0CANCOCHUsL YACMUY, KOMOPOe NOKA3AI0
XOPOWYIO KAUeCMEEeHHYI0 CO2NACOBAHHOCMb ¢ OpyeumMu ucciedosanusimu. Mooeib modcem Oblmb UCNOAL308AHA OISl
YUCTEHHO20 AHANU3A PUCKO8 (C OCHOPOJICHOCMbIO) 6 YACmU pAcHema npoOOJICUMENbHOCMU 8DEMEeHU, KOmOopas
6bI3BIGACTL KPUMUYECKOE YEeIUYEeHUEe CONPOmuUGIeHuss mpyoonposooa. Memoo KoHeunvlx snemennos daem npoduib
omnodiceHuti  (pacnpeoeieHue MOIWUHBL OCAXCOeHUsT 800Ib  mpybvl), umMoO Modcem Ovlmb NOAE3HbIM OIS
NPOSHOZUPOBAHUSL BO3MOICHBIX KOOPOUHAM MAKCUMALLHOU MONUWUHbL OCAICOEHUsl, d MAKICe ONsl U3YUEeHUS GIUSIHUS
PA3TUYHBIX HAYAIBHBIX YCA06UTL, MAKUX KAK CEOUCMEA YaCmuy U JICUOKOCMU, HA CKOPOCMb 00paA3068aHUsl OCANCOCHUIL U
ux pacnpeodenerue, u HaAOIOOaAMb 3a 2UOPOOUHAMULECCKUM PENCUMOM 8 MPYyOonposooe.

Knrouesvte cnoea: uucnenuviti ananus, ocajxcoeHue uwacmuy, mpyoonpoeoo, mypOyiIeHmMHbIU NOMOK, KOIpduyuenm

oughgysuu.
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