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INVESTIGATION OF TURBULENT HEAT AND
MASS TRANSFER IN COMBUSTION OF THE LIQUID FUEL

Conducted research of inflammation of the hexadecane depending on the level of pressure in the
combustion chamber under given primary conditions. In the process of work, pressure was increased till
200 bars for choosing optimum characteristics of combustion. In the result of work obtained schedules
of distribution of the maximum temperature, maximum concentration of the carbon dioxide and water
steam, time of inflammation from the pressure in the combustion chamber. Individually provided
distribution of the temperature fields at the moment of inflammation and temperature at the moment of
active fuel combustion depending on the pressure in the combustion chamber. Based on the obtained
results and schedules, chosen optimum pressure equal to 170 bars, when noticed inflammation with the
time of delay equal to 0.8 ms, temperature in the combustion chamber is reaching 2697 K, and also
discharging relatively low concentration of the carbon dioxide 0.186 g/g.

Key words: inflammation, liquid fuel, pressure, computational research, combustion chamber.
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CyiibIK, OTbIHADbI XaFy Ke3iHAe TYpOYyAeHTTi
XKbIAY-MACCa AAMACY MPOLLEeCCTePiH 3epTTey

bepiaren 6acTtan KbbKarAamAap AaxkaHy KamepacbiHblH KEHICTIFHAEr  KbICbIMHbIH MOHiHE
6anAaHbICTbl FTEKCAAEKaHHbIH, TyTaHyblHa 3epTTey XKYprisiaai. XKymbiC 6apbICbIHAQ YKaHYAbIH, OHTaAMABI
cunaTTamaAapbiH TaHAQy YLLiH KbiCbiMAbI 200 6apra AeniH ecipaik. XKyMbIC HOTMXECIHAE eH >KOFapbl
TemnepaTypaHbl 66AY KECTECH, KEMIPKbILLKbIA Ia3bl MEH CY BYbIHbIH, €H >KOFapbl KOHLIEHTPALMSChbI, >KaHy
KamepacblHAAFbl KbICbIMHAH >KaHy YakbITbl aAblHAbl. KaHy KamepacblHbIH KEHICTIrHAEr KbICbIMFa
6aiAaHbICTbl OTbIHHbIH GEACEHAl XKaHy COTIHAEri Temreparypa >keHe >KaHy COTIHAEri Temneparypa
OpICTepiHiH TapaAybl >keke KepceTiareH. JKaHy KamepacblHblH, KEHiCTIriHAEr KblCbIMFa GanMAaHbICTbI
OTbIHHbIH, GEACEHAI >KaHy COTiHAEri Temrepartypa >kaHe >KaHy COTiHAeri Temreparypa epicTepiHiH
TapaAybl XK€Ke KOpCETIAreH. AAbIHFaH HOTMXKEAep MeH rpadMKTePAiH HerisiHae 170 6Gapra TeH
OHTaMAbl KbICbIM TaHAQM aAblHAbI, OA Ke3Ae Kiaipic yakbiTbl 0,8 MC TeH, >KaHy KamepacbIHAAFbI
TemnepaTtypa 2697 K xeTeai >8He KOMIPKbIWKbIA Ta3blHbIH CaAbICTbIPMaAbl >KOFapbl emec
KoHUeHTpauusicbl 0,186 r/r GeAiHeAl.

Ty#iH ce3aep: TyTaHy, CyibIK, OTbIH, KbICbIM, CAaHAbIK, 3epTTeY, XKaHy Kamepachl.
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UccaepoBaHne NpoL.eccoB TYpOYAEHTHOIO TENAOMACCONepeHoca
NPM COKUTaHUM KUAKOTO TOMAMBA

[MpoBeA€eHbl MCCAEAOBaHWS BOCMIAAQMEHEHMS FreKCaAeKaHa B 3aBUCUMOCTU OT 3HAYEHNS AABAEHUS B
MPOCTPAHCTBE Kamepbl CropaHus NMpu 3aAaHHbIX HavaAbHbIX YCAOBMSIX. B npouecce paboTtbl aAaBAeHUe
yBeanumBaam A0 200 6ap AAS BbIGOpa OMTMMAAbHBIX XapakTEPUCTUK ropexms. B pesyabtaTte paboThbl
MOAyYeHbl rpadmKu pacrnpeAeAeHUs MAKCMMAAbHOM TemrnepaTypbl, MaKCUMAAbHOM KOHLEHTpaLmm
YIFAEKMCAOIO ra3a 1 napoB BOAbl, BDEMEHM BOCMAAQMEHEHMS OT AABAEHMS B Kamepe cropaHus. OTAEAbHO
NPeACTaBAEHbl pacrpeAeAeHust MoAeit TemMnepaTtypbl B MOMEHT BOCMAAMEHEHWsI M TemrepaTypbl B
MOMEHT aKTMBHOIO CrOpaHMs TOMAMBA B 3aBUCMMOCTU OT AABAEHUS B MPOCTPAHCTBE KamMepbl CrOpaHmsl.
Ha ocHOBe NoAy4YeHHbIX pe3yAbTaToB M rpadMKoB BbIOPAHO ONTHMMaAbHOE AaBAeHMe, paBHoe 170 6ap,
Mpu KOTOPOM HabAIOAAETCSI BOCMAAMEHEHME C BPEMEHEM 3aAep>KKM paeHbiM 0,8 mMc, Temnepartypa B
Kamepe cropaHus aocturaetr 2697 K 1 BblAEASETCS OTHOCUTEAbHO HEBbICOKAs KOHLEeHTpauus

yraekucaoro rasa 0,186 r/r.

KAroueBble caoBa: BOCNAaMeHeHne, >XXMAKOoe TOIMNAMBO, AaBAeHMEe, YNCAEHHOE UCCAeAOBaHue,

Kamepa CcropaHud.

Introduction

Importance of this work is associated with the
fact that major sources of energy used within the
world are non renewable. According to the statistics
done by International Energy Agency in 2010,
approximately 90% of the whole energy produced
by humanity was produced by combustion of fuel
and bio fuel [1]. As per the forecasts of the Energy
research and development Administration (USA),
this portion will not reduce till the level below 80%
till 2040 in case of synchronous increase of energy
consumption level to 56% during 2010 to 2040 [2].
Such a long and intensive usage of the limited
resources will bring to: 1) gradual depletion of the
resources; 2) increase of concentration of hazardous
substances in the atmosphere. Consequently,
nowadays we shall search for the ways of optimal
usage of the resources.

It is known that in the heating chambers of the
power stations burning solid, fluid and gaseous fuel,
while modern heating units achieved large
capacities and high level of improvement as per
provision of maximum combustion. One of the facts
against usage of the coal is high level of hazardous
emissions of the combustion products. However
new technologies in our country have been
developed and still being developed [3-8].

Engines of internal combustion are using the
process of burning gases or vaporous and fluid fuel
and forming energy basis of aviation and traffic
transportation. Burning of the fluid fuel differs by
several specifics as leakage of chemical charges

under dynamic and heat impact of the chemicals,
intensive mass transfer during change of phase, also
by depending of the process parameters from
thermal dynamic state of the system and from its
structural characteristics [9-10].

In this work, we are researching inflammation of
the fluid fuel under high pressure. The researched
processes are described by equations of: continuity,
impulse, energy, k-¢ model of turbulence [9].
Simulation exercise means research of the processes
of diffusion, inflammation and burn of the
hexadecane in the cylindrical combustion chamber
under high pressure for choosing optimal parameters
of those processes. Computer modeling of the
process of burning of energy fuel is allowing to
conduct experiment with less expenses, with higher
quality and more safely. At the moment existing
several efficient models of burning in the
combustion chamber which providing possibility of
calculations of most parameters of the process: from
thermal fields and distribution of wvelocity till
modeling emission characteristics. [11-19].

Model of evaporation, burning and collission
of droplets

Mathematic model which can explain above
mentioned physical chemical processes includes
equations [9], and ending up with statement of the
equation of evaporation. This equation contains
distribution of the probability density function f,
which has ten independent variables additionally to
time: three positions of droplets by x, three velocity
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components v, radius r, temperature 7y (accepted as
equal within the droplet limits), deviation from the
sphere y and changing along with the deviation time
dy/dt=vy.

Element of the fluid scope 6, is defined as:

0= f4/3mr dvdrdT,dydy. (1)

Macroscopic density of the fluid phase py, is
identified as:

P =p,0, )

where oy is a constant term, microscopic density of
the fluid phase which may still be compared with gas
density, as proportion of pq4 to p is high. Change of f
function can be achieved by resolving the equation
of evaporation of fluid droplet:

Ly (4. +

8 o
+5(fR)+£(de)+ : )

P o o .
+§(ﬁ/)+§(ﬁ’) = fon ¥ Jou

Values f, ,, f,, — a resources resulting from

collision and rupture of droplets. Critical parameter
of impact b.-is defined as:

b2 = (1, +1,)’ min(1.0,2.41(y)/W,),

where f(y)=1’ =24y +2.7y,
“)

y=nln,

W,=p, |V1 _Vz|’] /a(fd)a

3 3
r1]:11+r2sz

where 7, <1, T, = - Expression for the

}’13 + r23
function of the frequency collision ¢ has following
form:

)

xa(y_y2)5(j/_j/z)+

X

2
(r+1,)

xr1+,-z|:5(r_,,l)5(v—vl')6‘(7;—1:,1)50/—)/1)50/—)"1) :|
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Source term resulting from rupture of the

droplet, fbu , 1s defined as:

fbu = Jf(xﬂvl’rlﬂle719y17t)le(V9r’Td’yay9vl’rlﬂle9)>17x’t)dvldrldTldy1' (6)

Radiuses of the droplets are subject to the
quadratic distribution:

1 —r/r
g(V)=;€ i %

Sauter mid radius r3; is expressed with a
formula:

=31 = : 3 . 3
T 1 py s
3 8a(T,) l
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Velocity of the droplets also differs from the
parental droplet with a velocity w and direction
distributed randomly in the normal projection for the
vector of relativistic velocity between parental
droplet and gas. The value of w is being given in
following formula:

w=1/2ny,. ©)

Expression for B has following form:

Recent Contributions to Physics. Ne2 (69). 2019 127



Investigation of turbulent heat and mass transfer in combustion of the liquid fuel

B = g(r)a(T, ~T,)8()5() - [ 8w~ + )]

Speeding up the F droplet by means of
aerodynamic resistance and gravitation power has
following form:

_ u+u' —v
F:Eﬁu(um'—v)c,) +g. (11)
8 p, r

Resistance ratio Cpis defined as:

_ 24 2/3
Co=——(1+1/6Re>*)Re, <1000,
Re, (12)
0.424,Re, > 1000,

2 +u' - ~ T+2T .
Re, = plu © Vlr,T: < It 1s
u,,(T) 3
considered that each component u' is taken from the
Gaussian distribution with medium quadrant

deviation 2/3 k. Consequently, accepting:

where

G(i') = (/3me) " exp{ -3l /4x}.  (13)
Level of change of the droplet radius R:
D) (T)Y' -Y
R:_(p )atr( ) 1 *1 Shd, (14)
2pr 1-Y

where Sh; is Sherwood number for mass transfer,
Y," is mass fraction of the fuel vapors at the surface

of the droplets, Y1 = pi/p,(pD) . (T)is ratio of the

fuel vapor diffusion in the air.
Sherwood number is identified as:

air

In(1+ B
Sh, =(2.0+0.6Re!’ Scj,”)%,

d

(15)

T Y -Y
where Sc, = A 1) u B, =———7". Surface mass

pD,,(T) 1-7,
fraction Y;" is obtained from the following equation:

v(T,) = i : (16)
W+ W,(—L— -1
P2, (T,)

(10)

where W, is local medium molar mass for all types
of fuel vapors, a po(Ty) is a balanced pressure of fuel
vapors under the temperature 7, For the vapor
diffusion in the air, using empiric correlation:

(pD),,(T)=DT",

where D; and D, are constants.
Change of the droplet temperature is explained
with equation of the energy balance:

(17

4 .
P ;m%,Td - p,4xr’RL(T,) = 471’ Q,,

where ¢ is specific mass of fluid, L(7y) is specific
heat of evaporation, and O, is thermal conductivity
at the surface of the droplet in unit volume [13-18].
In this work, kinetics is being given by means of the
global model of chemical reactions [19].

Formulation of the task about combustion of
the fluid fuel

Burning occurs in the combustion chamber of 15
cm height and with 2 meter radius (Fig.l).
Temperature in the combustion chamber is equal to
900 K, temperature of the walls of the combustion
chamber — 353 K. The chamber is divided into 600
control cells. In the center of the lower base of the
chamber located nozzle of the injector of 2:10™ cm?,
through which into chamber flowing the researching
fuel — hexadecane (CisH34), its temperature at the
moment of injection is equal to 300 K. Hexadecane
— 1is acyclic saturated hydrocarbon of normal
structure; colorless liquid, Tmer = 291.35 K, Tron =
559.95 K, Tiam_= 408.15 K, density 0.7751 g/cm®
(in fluid state, under 295.15 K, in respect of water
under 277.15 K); not soluble in water, soluble in
diethyl ester, ethanol and acetone [20].

Another name is cetane. Application: a template
for assessing the quality (cetane number) of the
diesel fuel. Cetane number — indicator of self
combustion of the fuel which is equal to such
content of cetane in a-methyl naphthalene, when self
combustion of this admixture and tested fuel is equal
[20].
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Figure 1 — Visual appearance
of the combustion chamber

Most important factor during mathematic
modeling of the processes of combustion chamber is
searching most rational values of the constructive
and performance processes which allow to achieve
maximum fuel efficiency during reduction of the
emission of the hazardous substances.

Results of the numerical studies

In this work we’ve been increasing the pressure
in the combustion chamber from 30 to 200 bars.
Liquid fuel is being injected through nozzle. It is
located in the center of the chamber base; after
injection the fluid is evaporating and burning occurs
in the gaseous phase. Hexadecane was used as fuel.
Chemical kinetics of burn of the hexadecane:
2C16H341+490,—32C0,+34H,0. Below given
dependence of the burning period (Fig.2), maximum
temperature (Fig.3), concentration of the carbon
dioxide (Fig.4), and concentration of the water
vapors (Fig.5) from the pressure in the combustion
chamber.

At the Fig.2 shown dependence of the time of
inflammation from pressure. Least time of
inflammation or time of delay is equal to 0.8 ms
(when p = 55; 60; 145; 170; 175; 180 bar), and the
highest —1.1 ms (when p=85; 90; 100 bar). Shall
note that tinnam approximately is equal to 1 ms, and
consequently such increase of pressure in the
combustion chamber is not having high impact to its
value.

0,0019
0,0017
w  0,0015
£
©
= 0,0013
0,0011 o o
0,0009 ¢—o—o—o > —c .\ —
0,0007
30 50 70 90 110 130 150 170 190
Pressure, bar
Figure 2 — Dependence of the time of inflammation from pressure in the combustion chamber
At the Fig.3 shown dependence of the least — 2624 K (when p=110 bar). Change of

maximum temperature in the combustion chamber
from pressure. It is obvious that highest
temperature is equal to = 2697 K (when p=170 bar),
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pressure within given limits is not considerably
increasing the temperature of burn of the liquid fuel
of such small mass as 5 mg.
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Figure 3 — Dependence of the maximum temperature from the pressure in the combustion chamber
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Figure 4 — Dependence of the maximum concentration of CO2 from the pressure in the combustion chamber

Further given distribution of the thermal fields  particles of the burning fuel, hot gases, also heat
under p=170 bar (Fig. 6). Inflammation of the fuel = source walls of the combustion chamber are
occurs under certain primary conditions. Further the  stimulating the process of heating and reaction of
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burning of the newly received fuel air mixture. As
you can see at the Fig.6, inflammation occurred at
the period of time equal to 0.8 ms (Fig.6a), and at
the period of 3.5 ms the flare reached its maximum

0,09

1.2 cm by height of the chamber and 0.5 cm by
width. Core of the flame is located in the center and
has temperature equal to 2697 K, and temperature at
the edges of the flame is falling till 1685 K (Fig.6b).
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Figure 5 — Dependence of the maximum concentration of the water steam from pressure
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Figure 6 — Distribution of the fields (under p=170 bar):
a) temperature at the moment of inflammation (tinflam =0.8 ms);
b) temperature at the moment of active burning (t = 3.5 ms).
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Except emissions in to atmosphere of the 4 main
air pollutants: ash, nitrogen oxide, sulfur oxide and
dioxide carbon, heat and power organizations are
having negative impact to the atmosphere in the
result of formation of the large amount of emissions
of the greenhouse gases — CO,. At the Fig.4 shown
dependence of the CO, concentration from the
pressure. Concentration of the carbon dioxide is
reaching 0.186 g/g (under p=170 bar) and is located
in the maximum permissible range. Such
distribution is motivated with the fact that to this
value of pressure complying largest heating value of
the fuel. The least concentration of the dioxide
carbon is equal to 0.177 g/g (under p=200 bar). Shall
note that variation of the data differs only to 0.009
g/g.

At the Fig.5 shown dependence of the maximum
concentration of the water steam from the pressure.
At the picture shown that most concentration of H,O
is equal to 0.82 g/g (under p=170 bar), the least —
0.077 g/g (under p=200 bar). Such distribution is
repeating the data obtained at the previous Fig 5.

In the result, steady trend line of the data (Fig.2-
6) is showing that depending parameters are falling
with increase of pressure, we consider that the
reason of'it, is coalescence and decomposition of the
droplets. Based on the obtained analysis, we may
consider that optimal characteristics of the burning
process under p=170 bar, as under such pressure we
notice quick inflammation of fuel 0.8 ms, maximum

heat radiation 2697 K and lower concentration of
CO0, 0.186 g/g. Let’s review this case closely.

Conclusion

In this work, by methods of computational
modeling conducted research of the impact of
pressure in the combustion chamber to the processes
of inflammation and burning of hexadecane.
Obtained dependence of: maximum temperature,
maximum concentration of carbon dioxide,
maximum concentration of the water steam, time of
inflammation from pressure in the combustion
chamber. Value of the pressure was increase from
30 to 200 bar (with the step of 5 bars). Obtained
distribution of the temperature fields at the moment
of inflammation and active combustion of fuel in the
combustion chamber under optimum pressure
chosen by us equal to 170 bar.

In the result of the conducted research and
analysis of the results of the computational
experiments, it is possible to make following
conclusions:

Under the pressure equal to 170 bars noticed: 1)
fast inflammation #i,1,»,=0.8 ms; 2) maximum value
of heat radiation 2697 K; 3) relatively lower
concentration of CO, 0.186 g/g.

Results obtained in this work will allow: 1) more
efficiently combust the fuel; 2) expand the theoretic
base of the physics of combustion.
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