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Abstract. This work analyses the propagation of combustion waves in Van der Waals gases. The Chapman-Jouguet
approach is adopted and analytical expressions are obtained for the jump conditions across the combustion waves, the
Mach number and detonation velocity in the CJ point. The influence of covolumes and intermolecular force parameters
on the Rayleigh line and Hugoniot curve are considered. Examples of the application of the theoretical results are
presented and a comparison is made with experimental data.
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1. INTRODUCTION

The equation of state (EOS) for a perfect gas eanded with good accuracy at low pressures. At piglssures
should be considered the effects of the volume @koules and the forces of molecular attractiore &huation of Van
der Waals (VDW) was the first semi-empirical apmtoaused to represent the behavior of real gasesisamoh
approximation to the Virial EOS with two expanstenms.

The VDW-EOS was derived from the perfect gas equationsidering the excluded volume (covolume) of
molecules,b, which is approximately equal to four times thduwoe of a molecule, and the effect of molecular

attraction forces, which is proportional to the aguof the concentratiorav’, wherea is a constant and is the gas
specific volume.

Therefore, the VDW-EOS can be written in the fo(rﬁ+a/v2)(v—b) = RT whereP is the pressureT is

temperature anR is the gas constant. The constanendb can be calculated from critical properties orefatively,
can be adjusted experimentally for given ranggere$sure and temperature.

Combustion waves propagate in solid, liquid, gasnoiltiphase medium with different speeds, dependifhthe
initial or boundary conditions. Combustion waveatthropagate with subsonic velocities are callethgeations and
usually have speeds less than 1 m/s under amhigdiitions and combustion waves that propagate sttersonic
velocities are called detonations and usually tspeeds of about 1500-2000 m/s under ambient conditit has been
verified that the deflagration waves are approxatyaisobaric whereas detonation waves have highpcession ratio,
varying from 1.5 to 2.5 MPa.

Shepherd (2007) stated that a detonation is nbijsfiock wave initiated by combustion. It is a bastion wave
propagating at supersonic velocities and charaetérby a unique coupling between a shock wave amdna of
chemical energy release.

The classical Chapman-Jouguet (CJ) theory consititmnation waves as a discontinuity with an indireaction
rate. Based on the CJ-theory it is possible toutaie the detonation velocity and jump conditioosoas the wave, for
a specified gas mixture. During the Second World We CJ model was improved by Zeldovich, Dorimgl &on
Neumann who considered a finite reaction rate. rmimgidel (ZND) describes the detonation wave asaxlshvave
immediately followed by a reaction zone, with thé&ckness of this zone given by the reaction ratee ZND theory
provides the same detonation velocities and presgtian the CJ theory, the only difference betwhemmodels is the
wave thickness (Zeldovich and Kompaneets, 1960ljaffis, 1985; Glassman, 1996; Wingerden et al, 1999)

In real detonations the wave structure is tridinms due to hydrodynamic instabilities. Howeveg tBJ and ZND
solutions give good results for the average proge(Fickett and Davis, 2000, Kuo, 2005).

Since the pressures and temperatures attainedribustion waves can be extremely high, it is pentine analyse
the effects of molecular volume and of the intemwalar attraction on the propagation charactessticcombustion
waves.

Next, an analysis of the propagation of combusti@ves in VDW gases is presented based on the ((pipach
(Williams, 1985; Glasmann, 1996). The results avengared to the perfect gas solution. This work rddethe
theoretical results related to Noble-Abel gasesegnmted previously (Gonzales et al., 2009; Gonzal@h)).

2. THE CONSERVATION EQUATIONS

Assuming a one-dimensional steady-state flow of W gas, and adopting a fixed coordinate systemhen t
combustion wave, the conservation equations oficoity, momentum and energy are given, respectjualy
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The subscripts 1 and 2 denotes properties of ne@ctand products, respectively,is the mass flow rate per unit
area,P is the pressureg, the densityy, the flow velocity andh is the enthalpy. The VDW-EOS for reactants and
products are written, respectively, as:

(R+a/v;)(v,-b) =RT, and (P +a,/v)(v,~b,) =R, (4)
where the specific volumes are obtained from:

v = ]/:01 andv, = ]/pz : ()

The enthalpy of a real gas (Van Wylen et al., 1994) be obtained from:

dh=c,dT {v—T(ﬂ] }dP (6)
aT ),

and integrating for a VDW gas with constant projgsttit yields:

h =h, ,1+Cg,1T1+b1P1(1+51) ~-2Py¢. and h,=h,, +Cg,2T2+bJD2(l+52) -2Pyg, (7)
where Cgvl and ngz are the specific heats at low pressure (perfect gquivalent), £ = al/ Plvj <<1l and
£ =a/PVv <<1.

2.1. Rayleigh line

Combining Egs. (1) and (5) it yields = m/ o, = mv, and u, = ny p, = mv, . Substituting into Eq. (2), it gives:

- (®)

This equation is known as the Rayleigh line andtes the pressure variation to the specific voluar@tion along
a combustion wave. Eq. (8) is independent of theadgn of state. For a VDW gas, Eq. (8) can be it&awr as:

=-u 9)
v-1

where p=P,/P, and v=V,/v, are non-dimensional pressure and specific voluaned, = m?v, /P, =u’/Py, is the
dimensionless mass flow rate, that can be expreagedns of the Mach number of the reactams,= u,/c, , wherec,
is the speed of sound in the reactants. The spesulindc can be obtained (Oates, 1984) from:

o2 () 2,

Substituting the VDW-EOS for the reactants in @d), gives:
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where b =b, /v, is the non-dimensional covolume of reactants. Glegig Eq. (11) and rearranging, the expression
for u is:

l+¢
“ Vl[ﬁ”ﬂ) M: (12
(p- 1+£)-2,(1-b]
where M =12 £y 2¢, P1) and the specific heat ratio of reactantyis ACLY l(* l)
yi\1-b - 1-g+2eb

2.2. Rankine-Hugoniot relations

Substituting Eq. (7) into Eq. (3), the equatiorenérgy becomes:

NN

- (13)

NJ

2
T, +(1+&,)bP, - 2£1Py1+u71+q =g T+ (1+e)bP 2Py #

where q=h, ,—h, , is the heat of reaction. Substituting in Eq. (13); =m?; and u; =m’v; from Eq. (1),
T, =R(1+&)(v,~b)/R, and T, = B,(1+¢,) (v, ~b,)/R,from Eq. (4), the Eq. (8) far’ and dividing byPy,, using
the dimensionless variablpsandyv, the following is obtained:

_Cg'1+(cg&_2}5 _[CSYI_]'J(1+€)E+_ q __PR-PR (V2+V1)M+
1 1 =
R R R, v, Py, Xz/((l 2PV, (14)

bty

2 1

Defining the non-dimensional heat releager q/(Plvl), the non-dimensional covolumek, =h /v, , and using

o /R=y1(y)-1) and co,/R =y,/(y,-1), where )° are specific heat ratios at low pressure (perfes g
equivalent), and making several algebraic maniprat Eq. (14) reduces to:

vBr1+2(2-p)e, | | v+ 1+ 2y,

_ Yo -1 ot yo-20 +1+ 2( 2=} -1, ) g,
|1+ 2(2- ), Y -1

The canonical form of a hyperbola {® - p,)(v-V,) =K?, where p=p, and v=yv, are horizontal and vertical
asymptotes, respectively. The canonical form ofiyygerbola can be rewritten as:

pv_[y§+2b;—1+2ezb’;] +[ p-1 ]V:

(15)

PV=Vo P~ PVt Py 0=Kz (16)

Comparing this equation with Eq. (15), yields:

i doleash, -1

v"_y;’+1+2(2—y;’)g2 OIIOO:_yg+1+2(2—y§)sz' a7
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By algebraic manipulation of Eq. (15), the equatiéthe Hugoniot curve for VDW gas is obtained:

[ yo-1 " Yo+ 20, -1+ 2615, Y- 1 ]E

p+V§+1+2(2-V§)52 i+ 2pd)e,| |y ¥ 4 2y)e

Eﬁ y10_2bi+1+2(2_1/1)_b;)51 (ij"' 2)*2_ b Zﬁz)]
20+ -
Y -1 yi+1+2(2-)0)e,

(18)

If the properties of reactants and products arstemn, then Eq. (18) describes a hyperbolg &éindb, are function
of the temperature and pressure of the produds, tte hyperbola is degenerate. Wigen 0 in Eq. (18), the equation
of the Hugoniot curve for a Noble-Abel gas (Gongadeal., 2009) is obtained:

(e i) (A i B Ve B .

2
Vo +1 Vs +1 ya+1 yi-1 ZR"

Initial values for&, b, e y§ can be estimated from the perfect gas solution tineth, more accurate values can be

obtained by iteration of the VDW solution.
Figure 1 shows the effects of parametgrg , & anda on the Hugoniot curves for VDW gases.
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Figure 1. Hugoniot curves for VDW gases.

When the Rayleigh line is tangential to the Hugouiatve, the upper and lower CJ points are determihedn be
proved thaiM, = 1 in the CJ points. The Rayleigh line, Eq. (9),§0/DW gas, can be written as:

d__y=P1 (20)

Differentiating Eq. (18) yields:

dp__ p[y§+1+2(2—y§)gZJ+(yg—])
& 122 )e] [ for B 25

(21)
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Equating the derivatives (20) and (21), an expoesir p in terms ofv can be obtained and replaced into Eq. (18),
then providing the following expressions foandv:

— V2
B 4AC
, =—| 1% 1- 22
P 2A ( B? j } (22)
U B ’ 1 1/2
V=2 14_{1— Bial ) (23)
2A B

where A= ()} +1)[ (1~ 13e,) - (1-&,)b; | + &, 1- b))
=-(B-y[ri+1+2(2- ) e, [(2+ X~ )
c:(yg—l){[1+(2—y2)sz](m+xl)—(1+gz)b*2}
=(p+1)r2(1-2,)+ A 43+ de,
B'=—2b;(V3+1)(1—ez)—1m;ez+[(¢2+ J(r2)+ 6)(h N arxq+ )
C'=(12-1)(20+ X+ D[ (2 +0;)(1-£,)+ Aby+ Je |- [ oo W Fe)+ 8 Je )
=[yf—2b;+1+2(2—y‘}—b})sJ/(V’l—1).

In Egs. (22) and (23), the plus signs correspona t8J detonation and the minus signs correspona @J
deflagration. Dividing the VDW-EOS for reactantgdgroducts gives the temperature ratio:

/\

v

—
T

t

R (1 b,
e LA (24)
R, ( )( -1}

The expression foM; as a function op andv can be rewritten:

1-¢g +2eb 1-b, p, —1
M2+: 1 1~1 _ 1 _ + 25
. yf(1+£l)—2£1(1—b1)[1+%1—%lblj( 1—vij (25)

Figures 2 and 3 show the dependence of the prepartithe combustion waves upon the dimensionleasrelease
parameter in VDW gases.

2.4, Stagnation properties

Stagnation properties are obtained when the flolwcity is reduced to zero by an isentropic procd@$se energy
equation can be written as

GT, + Py, (1-£,) =67+ Pv(1-¢) +“7 (30)

where &, =a/(Pov§), ¢, is the specific heat at constant volume and thHesaipt O indicates stagnation condition.
Consequently, stagnation temperatures can be ebot&iom:

+ £
(+e)a-b) " 2(1-e+2) \1-b

- (1_50)
G cErs Ty

(62 [, +V°<1+f)‘”(1‘b*)(“f@H

(31)

— |5
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An expression for the stagnation pressBgas obtained from the VDW-EOS. Indices for reactaanhd products
were omitted in Egs. (30) and (31). Figure 4 sheffacts ofM, b and& upon stagnation conditions of VDW gases.

It can be verified in Fig. 4 that the influencetbé intermolecular force coefficient is not siga#it in the range
considered, since decreasing it one order of magd@ithe variation obtained on stagnation propehkyjethe influence
of £ is not perceptible. When the Mach number incredbes kinetic energy of molecules and the stagnation
temperatures increase and other energy modes imthecules (rotational and vibrational) are excitedusing a
smaller influence of intermolecular forces. For loxglues of M (from O to approximately 3) the influence of
intermolecular forces is small. Fig. 4 does nowsltwe influence o/ on stagnation properties but it can be significan

Once known the stagnation temperatures, their caiobe calculated. Given the parametegdy(, y, R anda) of
reactants and products, the pressure, specifiimeland temperature ratios, Mach numbers and stagnainditions
in the CJ combustion waves (deflagrations and dimms) in VDW gases can be calculated.
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Figure 3. Properties of combustion waves in VDWegasrb =0.1=const, & = const andy’ = 1.3.
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Figure 4. Stagnation properties for VDW gases.
3. EXAMPLES

This chapter shows examplesapiplicatior of the previougquations for calculations propagation characteristics
of combustion waves in VDW gasdé3etails of thse calculations are described by Gonza@&309).

3.1.Burning of stoichiometric mixtures of n-octane and air

The burning charderistics of combustion waves propagating in ackiometric mixture of -octane and air are
calculated with the derived equatioiifie parameters used in the calculations were adatainnsidering three cas i)
¥ cp, R, aeb of reactantsii) y cp, R, aeb of products; andi) y cp, R, a e b average of reactants and prodt

Results are depicted in Table 1 and are comparthe results of simulations withe NASA CEA 2004 coc. This
code considers burning of perfect gastt chemical equilibrium, dissociation of produetsddifferent parameters for
reactants and products.

Table 1. Propertiesf combustion waves stoichiometric mixtures of n-octane and &r, VDW and perfect gases.

VAN DER WAALS GASES CEA
Property
reactants products reac.& prod. NASA
B (det) (MPa) 2.5756 1.8837 1.84598 1.89001
v, (det.) (m¥kg) | o0.5192 0.53197 0.52773 0.55184
T, (det) (K) 4600.75 3388.6 2977.6 2830.72

B (def) (MPa) | o0.04441 0.04697 0.04696
vy(det) (m¥kg) | 15.445 11.7254 11.4746
T, (def.) (K) 2360 1894.87 1660

3.2. Effects of initial pressure ordetonations of mixtures of propane and diluted ai

A study of the effects of initial pressure on tletahation velocity of a mixture of propane and witiai was made,
using the derived equation$he following ieaction was considered:

C,H;+4.30,+ 8. MN, - products

Figure 5 comparetheoretical resultto experimental results.hEoretical results were obtainfor VDW and NA
gases using parameters of the products.
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Figure 5. Influence of initial pressure on detaoratelocities of a mixture of propane and diluted
Source of experimental data: Schmitt and Butldd0g)

The detonation velocities calculated using the \UIB@'S follow closely the experimental detonationoegies for
initial pressures up to 40 bar. Calculated valuwgsdetonation velocities using the perfect gas gguare lower than
experimental data, whereas results for Noble-Alaskg are larger than experimental data, for iptiessures up to 40
bar. Therefore the effects of intermolecular fore@sl covolumes should be taken into account fdralnpressures
above about 3 bar.

4. CONCLUSIONS

This paper presented a simplified description ef phopagation of combustion waves in VDW gasessicaning
the CJ approach. Analytical expressions for theperies along combustion waves were obtained imgeof
nondimensional covolumes and intermolecular for@rameters. The theoretical results matched closkdy
experimental results for mixtures propane and eduair. Effects of initial pressure are signifitmm detonation
velocities.
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