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Computer simulation of turbulent reactive gas dynamics

BJORN H. HJERTAGERY}
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A simulation procedure capable of handling transient compressible flows invol-
ving combustion is presented. The method uses the velocity components and
pressure as primary flow variables. The differential equations governing the flow
are discretized by integration over control volumes. The integration is performed
by application of up-wind differencing in a staggered grid system. The solution
procedure is an extension of the SIMPLE-algorithm accounting for compress-
ibility effects.

Turbulence is treated by solving the equations of kinetic energy of turbulence
and of dissipation rate of kinetic energy of turbulence. The combustion model
incorporates solution of balance equations for the mixture fraction and the mass
fraction of fuel. The rate of combustion in the latter equation is modeled accord-
ing to the ‘eddy-dissipation model’ of Magnussen and Hjertager (1976). A simple
criteria is introduced to enable chemical kinetics to play a role in limiting the
rate of combustion.

A validation calculation of the classical shock-tube problem is performed and
good agreement between analytical solution and computed predictions is found.

Flame acceleration by repeated obstacles in methane-air and propane-air are
also simulated, and comparisons with experimental data are encouraging.

1. Introduction

1.1. Statement of problem

Simulation of combustion processes in turbulent and compressible flows is a
complex problem of both fundamental and practical importance. The non-linearities
and range of time scales in the problem makes it a demanding task from both
computational and conceptual points of view. Adequate modeling of the coupling of
fluid dynamics and reaction rate is the key to successful prediction of e.g. turbulent
flame propagation, pollutant formation and overall efficiency of various combustion
processes.

The shortage of fossil fuels has focused attention on more efficient use of these
resources. To improve performance of, and minimize pollution from combustion
devices, there is a need for good predictive tools, with the objective to identify the
optimum design or mode of operation. Furthermore, the increased production and
thus transport and handling of large quantities of flammable gases has increased the
need for adequate means of predicting flame and pressure development in possible
accidental explosions, and thus enable adoption of realistic safety measures.
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1.2. Previous work

Several prediction methods capable of handling transient compressible flows
with chemical reactions have been published. All of these methods use explicit for-
mulation of the momentum and scalar equations. Explicit formulation indicates that
calculation of advanced time values of the dependent variables are obtained without
solution of simultaneous algebraic equations. The method of Butler and O’Rourke
(1976) uses the so-called ICE (Implicit Continuous-fluid-Eulerian) technique to
eliminate the Courant sound speed criterion. This method, together with the ALE
(Arbitrary Lagrangian Eulerian) technique, is used by Boni er al. (1976) to study
combustion in the stratified charge engine. Oran et al. (1978) have used a fully
explicit scheme to study the details of detonation waves. A special feature of their
problem is to resolve and maintain steep gradients in the flow. This was accom-
plished by use of the non-linear FCT (Flux Corrected Transport) technique. All
methods mentioned above have time step limitation due to their explicit formula-
tion. This may be a disadvantage if slow variations are studied or if a steady-state
solution is sought. An alternative formulation is to use implicit methods. These
methods are characterized by finding the time advanced values of the dependent
variables by solving a set of simultaneous algebraic equations. In principle these do
not have any time step limitations and may therefore also be used for steady state
incompressible as well as compressible turbulent flows.

1.3. Purpose of paper

The present paper reviews a computation method based on the Patankar and
Spalding (1972) method in the form given by Hjertager and Magnussen (1976). This
method was initially developed for incompressible reacting flows and has subse-
quently been extended by Hjertager (1982a) to take account of compressible flows.
The proposed modeling technique will be tested against the analytical shock tube
solution. Some applications to explosion propagation in propane-air and methane-
air mixtures will be given. Predicted scaling behaviour of the explosion problem will
also be shown.

14. Contents of paper

Section 2 of this paper formulates the basic equations to be solved. Sections 3, 4
and 5 outline the various models adopted, namely turbulence, combustion and ther-
modynamics, respectively. Section 6 gives the details of the numerical calculation
method. Section 7 gives several sample calculations of the numerical method.
Section 8 deals with the conclusions.

2. Governing equations
The problem of turbulent transient flows can be handled by solving for the time
evolution of time mean values of the dependent quantities, @, in the domain of
interest. The time mean of a variable varying with time, ¢, may be expressed as:
t+T

‘I’{"=;lr &t +1)dt (1)
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where (1) is the time mean value of the instantaneous value @(t) averaged over the
time interval T. T must satisfy two competing demands. First, it must be small
enough not to smear out the sought time dependence of the system under consider-
ation. Secondly, it must be large enough to be able to produce sufficient information
to enable relevant time mean values in the interval. This means time mean values of
both the relevant quantities and their second order correlations must be obtainable
in the time interval T. This is often possible since conversely, turbulence has higher
frequencies than the large scale motion which generates turbulence. The equation of
motion and energy may be expressed in tensor notation as:

dp 0
a T o, (PU)=0 2
0 il dp 0
ar (pU) + 3xj (PU_E U)=— ox, + EJE (Uu) + pg; 3)
0 0 d Dp
7 M+ 5 UM = = - () + 245, @

Here U, is the velocity component in the x; coordinate direction; g, is the gravita-
tion in x; direction; p is the pressure; p is the density; & is the enthalpy and ¢;; and
Ji, j are the fluxes of momentum and energy. S,, is an additional source term which
may include such sources as radiation influences and viscous dissipation. The con-
servation equation for a specie is given as

é a F.
E(Pm.‘)+a—xj(pujmi)= —;3;}(3:.1)+R: (5)

where R, is the net reaction rate of the specie m;.

3. Turbulence model

3.1. Closure assumptions

To solve the governing eqns. (2), (3), (4) and (5) given above, the fluxes, Jq, ;, and
the net rate of reaction R;, have to be modeled together with specification of rele-
vant boundary and initial conditions. Both the fluxes and the reaction rate are time
mean averaged values of fluctuating quantities. The fluxes can, for a general scalar
variable ®, and a velocity component U ;» be expressed as:

Jo, ;= —PZ'(; (6
and
O’.‘j == ,01!; u i (7)
where u; and ¢ are the instantaneous fluctuations around the time mean values U j
and @, respectively. The overbar indicates time mean value over the time interval T
as defined in expression (1). When specifying the correlations given in (6) and (7) it is
usual to relate these to the product of time mean gradients of the relevant variables
and an effective turbulent transport coefficient. For a general scalar variable ® and a
velocity component U; the relations are:

Joj=—"=72= @
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and
I CUAR: LA '
i = #erf( o, =+ ax,-) > %‘5-‘)(9"‘ + Uerr %, ©
respectively.

Here 6;;=1if i =jand 6;;= 0if i #j. An effective turbulence viscosity p g and
the kinetic energy of turbulence have been introduced in the above expressions,
together with an effective Prandtl/Schmidt number og. The kinetic energy of turbu-
lence, k, is related to the fluctuating turbulence velocity components in the three
coordinate directions as:

k=30l +u + 1) (10)

The effective turbulence viscosity is given by the two turbulence parameters, the
turbulence velocity u, and a length scale, [, as:

Megr = M1 + pul (11)

u, is the molecular viscosity.

3.2. Two-parameter turbulence model

The determination of u, and [ are at present best done by application of the
so-called k-& model of turbulence given by Launder and Spalding (1974). The turbu-
lence velocity is related to the kinetic energy of turbulence, k, as:

uw= (%k)lfz (12)
and the length scale, I, is related to the kinetic energy of turbulence, k, and its rate of
dissipation, &, as:

k3.{2
I~— (13)

£

Inserting (12) and (13) into expression (11) give as result:
kZ
Hee = Uy + Cpp - (14)

Cp is a constant taken to be 0-09.
The conservation equations that determine the distribution of k and & read:

ok 0 3 (e Ok

%k 2 U= (B ), G- 15
ot +6xj 0U;k) t"?:vc‘,-(o-,t 0x; + N (13
dpe | @ _ 0 (M 22 L G Cipl

ot o, PUP = o ( o, ax,) +Cp GGy e

The two new constants appearing above C, and C, are given the values 1-44 and
1-79, respectively. The Schmidt numbers oy and o, are given the values 1-0 and 1-3,
respectively, whereas the other Schmidt/Prandtl numbers are put equal to 0-7. All
the constants given above are taken from the paper by Launder and Spalding
(1974). The model constants have been verified for a range of flows, both isothermal
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and combusting situations (Launder and Spalding, 1974). The generation rate of
turbulence is given by:

oU;
G — A-_"J
%is ox;

These terms are related to turbulence production due to shear and expansion/
compression.

(17)

4. Combustion modeling

The combustion process is treated as a single step irreversible reaction with finite
reaction rate between fuel and oxydant. Hence, the reaction scheme may be written
as:

1 kg fuel + s kg oxygen— (1 + s) kg products (18)

Here s is the stoichiometric oxygen requirement to burn 1 kg of fuel. This simple
reaction scheme results in mixture composition being determined by solving for only
two variables, namely mass fraction of fuel, m/,, and the mixture fraction, f:

0 il 0

5 OM) 5 UMy = = 2= ) + Ry, 19
b3, 0 0
‘3;(Pf)+a—%(ﬂujf)= _é?juﬁj) (20)

Here R/, is the time mean rate of combustion of fuel, whereas J, ; and J ; are the
diffusive fluxes in the x;-direction. The basis for this to be valid is that the effective
turbulent Schmidt numbers are equal for all species, an approximation which is
often found to be valid in turbulent flows.

The mixture fraction is defined as:

- ﬁ — ﬁ @

080 - ﬁ o
where f is a conserved combined variable of for example mass fraction of fuel, mg,,
and mass fraction of oxygen, my, , expressed as:

J @y

B=mg, —mg,/s (22)

Bo is the value of f at a fuel rich reference point, for example a fuel inlet point in the
domain. and B is the value of f at an oxydant rich reference point, for example the
ambient air condition. For a homogeneous premixed system the mixture fraction
will be constant in the domain of interest and consequently only the m,,-equation
needs to be solved.

For the simple reaction scheme given in (18) above an instantaneous rate of
reaction can be written as:

Rfu = —p? u M fito, (23)

Here k;, is the instantaneous value of the Arrhenius temperature dependence of the
rate constant. If this rate constant and the mass fractions are written as the sum of a
time mean and a fluctuating quantity (f; = m; + mj), the reaction rate (ignoring
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density fluctuations) would be written as:
Ry = —pkpy + Kp)mp, + mip)mo, + mo) @9
Multiplying out this expression and taking the time mean value of the result gives:

R,fu = _pz(kfumfu'noz + kfum}u%z + mfuk}nn;:)z + 'n():k’fum}u + k}um}u m;):)
25

The above relation shows that even the simplest reaction scheme gives rise to a
rather complicated expression for the time mean reaction rate. This indicates that
rigorous mathematical methods of attack of the reaction rate based on chemical
kinetics in turbulent situations have immense obstacles prior to providing solutions.
It is therefore necessary to seek, if possible, alternative and simpler methods.

Experiments (Spalding, 1971) have shown that the rate of combustion in flames
is mainly dependent on hydrodynamic parameters. This implies that combustion
rate is limited by the rate of molecular mixing between the reactants. This mixing is
directly linked to the rate at which turbulent eddies are dissipated. For a scalar
variable this dissipation is formally expressed as:

30=D¢gk‘ 6_xk (26)

Dy is the molecular diffusion coefficient. The hydrodynamic rate of dissipation of
turbulent kinetic energy is denoted by & It is therefore assumed that combustion
rate is proportional to the rate of dissipation of kinetic energy of turbulence

ga
R, = —pe e 270
go is the variance of the fluctuations of the limiting specie in question. Magnussen
and Hjertager (1976) argue that the fuel, oxydant and reaction products appear as
intermittent fluctuating quantities. Consequently, the fluctuating species may be
related to time mean values of fuel, oxydant or reaction products. Therefore:

£
k

where my,,, is the smallest of the three mass fractions, namely fuel, m,, oxygen mg,/s
or mass fraction of fuel already burnt, m,, ,. A4 is a constant. In order for expression
(28) to be valid, the chemical kinetics of the system under consideration must be fast.
In many cases this is not the case, especially in the fast transient combustion which,
for example, occurs in high speed gas explosions.

A simple modification of the above expression has therefore been proposed by
Hjertager (1982b). Based on the chemical kinetics of the system, a chemical time can
be defined, 7., . Also, the lifetime of the turbulent eddies can be defined, 7,. Ignition
or extinction is assumed to occur when these two times are in a given ratio, namely:

tchlfe o Dl‘e (29)

The following modification to the rate expression in (28) is therefore used:

Ry A (28)

if Td,f"fe < Die then Rfu = “‘AP E Mhim (30)
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The above criteria is closely related to the models proposed by Radhakrishnan et al.
(1981) and Magnussen (1981) for extinction phenomena. The eddy lifetime or mixing
time is defined as:

tp=— @31

The chemical time is taken equal to the chemical induction time which is often
expressed as:

Ton = Ay €xp (E/RT)Ypmy,)(pmg )t 32

Radhakrishnan et al. (1981) proposed that the chemical time should be taken equal
to the time for a laminar flame to propagate across a length equal to the Taylor
micro scale, 4. Their application, however, was a correlation of blow-off velocity
data in disc-stabilized premixed flames burning in constant pressure environment.
Our application, however, is to systems with compression and expansion pressure
waves where the chemical induction times are the more appropriate choice.

5. Thermodynamics modeling
For a single-step reaction of the form given in (18) above, a total of five mass
fractions may be identified, namely; fuel, nitrogen, oxygen, carbon dioxide and
water vapour.
The density of the gas mixture can be calculated from the ideal gas law as:
_Maup

P=RT (33)

where the average molecular weight is calculated from:

1
M

av i

it

NE

(34)

The enthalpy given in eqn. 4 above is defined as:
h= Cprm.mil T + mf,Hﬁ,

Here, the mixture specific heat is calculated from each of the gases present in the
mixture as:

C pm, mix = ¢-21 MiCpm, ; (35)
where
1 T
Cm_ i = T_—E:r _[]—Mc'p'i dT (36)

The specific heats are assumed to vary linearly with temperature:
Comi = + b, T (37
Data for the a;s and bs are taken from Khalil et al. (1975).
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6. Numerical procedure

6.1 Finite-domain equations

It is noted that all conservation equations mentioned above can be written in the
following general form:

g 1) =9 (r,2®) s, _ et
2 WO+ 5 WUD =5 (r@ ax,) +S0: To="" (38)

| I 1)) v

This means, equations with four distinct terms, namely: I transient, II convection,
I diffusion and IV source terms. A summary of all the equations needed for a
typical reactive gas dynamic calculation are given in Table L.

The calculation domain is divided into a discrete number of control volumes
surrounding a grid point. The staggered grid has been employed and is shown in
Fig. 1. The figure shows a central point P surrounded by its neighbouring points E,
W, N, S in the xy-plane and H, L normal to this plane (not shown). All dependent
variables except velocity components are stored at the grid line intersections (nodes),
whereas velocity components are stored midway between these nodes. Locations
between the main grid nodes are denoted by lower case letters. For example, the
location between node P and S will be denoted by s.

)
By
"
&Y 3
byg
—1
ylr
v
x,U
Quantity | Stored at Control Volume
p, h, mgy, f, k, € (o] %
U-velocity > &
V-velocity A E

Figure 1. Grid layout and notation.
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6.1.1. Finite-domain approximations

In order to solve the governing equations, these are integrated over a control
volume. If we, for instance, take the eguation for a scalar quantity, the proper
control volume is shown in Fig. 1. The net diffusive and convective flux in the
y-direction is expressed by:

AR(®p — D) + AF(@p — D) (39

The coefficients are:
AR = (Ty, /Ay, + {—pa Vi))Ax Az (40)
A = (T4 JAy, + <p, Vp))Ax Az (41)

Here, the expression in { ) is the upwind differencing for the convection terms
expressed by:

{e) =05 +|el) 42)
This means that the value of @ convected into or out of the control volume always

has its upstream value.
The time derivative is expressed by:

be(Pe — dp) (@3)

where
b® = pOAx Ay Az/As
and @9 is the value of @ at point P at the previous time level.
Usually it is common to linearize the source term so that
56 =S¢+ S¢- @, (44)
Here 5%, S§ and S¢ are the volume integral of the source term given in (38).

6.1.2. Domain equations

Similar expressions as (39) can be derived for the net fluxes in the other two
directions. This eventually gives the finite-domain equivalent to eqn. (38):

AR = AL Oy + AL D + AG Dy + AL by + AL b + A% Sw + S+ DR (45)
Here
Ab = A% + AL + AY + AL + AL + A% + b® — SE (46)
In order to secure stability of the numerical scheme, S§ should always be chosen
negative.
The momentum eqns. (3) can be integrated in a similar way to the scalar equa-
tions. The only difference is that the control volume is different. For U- and V-

velocities the proper volumes are shown in Fig. 1. The finite domain equivalent for
the momentum equations can thus be written as:

AR U, =Y AVU; + b"UR + Ay Az(py, — pp) + S5 47
i

AFVe=7Y AYV;+ b'VR + Ax Az(ps — pp) + Sg (48)

AFWo =3, ATW, + " WR + Ax Aylp. — p) + S 49)
i
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The summation is performed around the neighbouring points N, S, H, L, E, W as
was shown in equation (45). The constant A} is also expressed in the same manner as
in equation (46).

Finally, the finite-domain approximation for the continuity equation is obtained
by integrating it over the control volume in Fig. 1. Thus:

(o — pR)/AL - (Ax Ay Az) + (pU), — (pU),)Ay Az + ((pV),
—(pV)JAx Az + (pW), — (pW))AX Ay =0 (50)

6.2. Solution procedure

To solve the eqns. (45) to (50), the SIMPLE method (Semi-Implicit Method for
Pressure Linked Equations) of Patankar and Spalding (1972) has been adopted. The
procedure involves a series of “guess and correct™ operations for the coupling of
pressure with velocities. A description of the method will now be given which also
includes the handling of compressibility presented by Hjertager (1982a).

To start in a forward time step, we calculate all coefficients in the finite-domain
eqns. (45) to (50) and these are held constant during the step. Next, a pressure field
at the new time level has to be guessed. This can be given, or the result from the
previous time level can be used. This field can be denoted by p*. With this field we
can solve the momentum eqns. (47), (48) and (49) to give intermediate velocity fields
at the new time level and, from the ideal gas law (33), we can calculate the interme-
diate density field. These fields can be denoted by U*, V*, W* and p* and will in
general not satisfy the continuity eqn. (50). To get the velocity and density fields in
accordance with continuity, the following corrections are performed:

Up = U + DY(pw — Pb) (51)

Ve = V¥ + Dy(ps — ph) (52)

We = W§ + Df (pl. — pp) (53)
dp

= p¥ +—| i 54

pp= Pt + o Ppp (54)

Pe=PF + Pp (55)

Here a new variable p’, the pressure correction, is introduced. The constants D come
from the linearized momentum equations and are defined as:

Dy = Ay Az/AY;  D{ = Ax Az/A} and DY = Ax Ay/AY
Density variation with pressure is taken to be isentropic. This leads to
ap 1

aple C:P

where ¢, p is the local sound speed at point P.

To determine the pressure correction p’ the expressions (51) to (54) are substi-
tuted into the continuity, equation (50), thus giving the following finite-domain
equation for p’:

Appp = ; Afp, + S° (56)
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The summation is again performed around the 6 surrounding points. Further, the
coefficients are expressed as follows:

1
Ap=3 Af; AR =Ay AZ[PWDS +
k

2
cs. w

. <U,,>] etc. (57)

The source term is:
§? = ((pU*),, — (pU%))Ay Az + ((pV*), — (pV*))AX Az
+ (eW*) — (pW*))Ax Ay + (pp — pF)/At - Ax Ay Az (58)

We can see that the source term is the local unbalance in the continuity equation of
the intermediate velocity fields.

When equation (56) for the pressure corrections has been solved, the corrections
(51) to (55) can be performed and, if the resulting mass unbalance is sufficiently
small, then the values of the variables at the new time level have been found. If the
mass unbalance is too large, repeated solution of equation (56) and corrections (51)
to (55) must be performed.

6.2.1. Solution of the algebraic equations

In the preceeding section we have referred to solving the equations for momen-
tum and pressure correction. The actual method of solving is performed by the well
known tridiagonal matrix algorithm. This algorithm is used successively in each of
the three coordinate directions. At each sweep, the variables along a line are
assumed to be unknown whereas the variables in the surrounding lines are assumed
to be known. This practice results in the variable at a point only being connected
with variables at two neighbouring points along the line in question. A triple sweep
will thus consist of the three following stages.

Stage I:

AR Db = AL DY + AL DL + F(D°, 59)
Stage 11:

AP OF = AL O + A O + F(@°, ', 59) $
Stage III:

AR OF = ALOE + A4, OF + Fu(@°, @', ", SY)

One such triple sweep is performed for velocity components and @s while three are
done on the pressure correction (p). In many cases the so-called block correction
may also be included in the solution of the equations. Details of this technique may
be found in the paper by Patankar (1981).

(59)

6.2.2. Boundary conditions

Because we are working with the primitive variables U, V, W and p, the boundary
conditions are easily inserted. This means that at a wall, normal velocity component
is zero and tangential components equal the velocity of the wall (usually Zero).
When velocity components are imposed on a boundary, the condition on pressure
correction is the zero gradient type. For scalars (®@s) the boundary condition is fixed
value, fixed gradient or a mixed condition, all dependent on the physical require-
ment.
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6.2.3. Non-linearities

The set of algebraic equations to be solved is only nominally linear. This means
that special measures must be taken to secure numerical stability of the solution.
This is done by under-relaxation in a steady state problem and by imposing limits
to the time step taken in a transient problem. Under-relaxation means that only
part of the implications of the algebraic equation is accepted. This means

D, = g Pge + (1 — 20)Pgsq (60)

Here, o, is the under-relaxation factor for the variable @ in question. Typical values
for a sought steady solution are oy = oy = oy = 0-3 to 0-5, a,, = 0-5 to 0-8 and for
other scalars a, = 0-5 to 0-7. For a combusting flow with variable density, under-
relaxation of the density of &, = 0-5 may also be necessary.

For a transient situation, all «, are set equal to 1-0 except o, and o, which are
set to approximately 0-8. The time steps are, on the other hand, limited by the
Courant criteria, which says that the Courant number

At - c,
Ne = Ax

should be smaller than a given number usually in the order of unity. The typical
velocity, ¢,, to be used in the expression should be the absolute value of the local
flow velocity for subsonic flows and the local sound speed for compressible super-
sonic flows.

(61)

7. Computations and discussions

The method described above is incorporated into a two-dimensional computer
code presented by Hjertager (1982 a), and applied to study the following cases: The
first is the shock tube problem that allows the model to be tested against known
analytical solutions.

The second is calculation of flame and pressure development in the presence of
turbulence inducing obstacles, a problem of great importance in accidental gas
explosions.

7.1. Shock tube

The geometry and notation for this calculation are given in Fig. 2.

A 1 m long tube is initially divided into a high pressure and a low pressure
region separated by a diaphragm. At time equals zero, the diaphragm is removed
and two pressure waves are generated: A compression wave (shock) moving to the
right and an expansion wave (rarefaction) moving to the left (Fig. 2). To calculate
this problem a one-dimensional grid layout is chosen. The gas is treated as an ideal
non-reactive gas with molecular weight equal to 29 and the ratio between specific
heats equal to 1-4. Since this is a non-reacting situation, only equations for conser-
vation of mass (2), momentum (3) and energy (4) need to be solved. The Courant
number, defined as ¢, . At/Ax, is nominally chosen to be 0-2.

Figure 3 shows the grid number dependence on the pressure distribution at time
equals 0-591 ms. It can be noted that the shock front position is well predicted even
for coarse grids, whereas the steepness is more dependent of number of grid points.
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CONTACT DISCONTINUITY

Figure 2. Geometry and notation for the shock tube problem.

This is the usual feature for most methods which treat shock fronts in fixed grid
systems. The only simple remedy available for increased accuracy in such problems,
is to increase number of points until acceptable grid independence is reached.

Figure 4 shows a comparison between exact solutions from Harlow and Amsden
(1971) and predictions of shock pressure ratio and Mach number as a function of
initial pressure ratio. For pressure ratios tested, from 1 to 20, the agreement is satis-
factory for both quantities. Calculations are also performed to test the stability of
the numerical scheme. The Courant number is varied and converged solutions are
obtained for values up to approximately 3-0. This is far beyond what any explicit

method can perform.
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Figure 3. Grid dependence on pressure profile along the shock tube. Time equals 0-591 ms.
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Figure 4. Variation of shock pressure ratio (P,/P,) and Mach number (U,,/c,) behind
shock with initial pressure ratio (P,/P,).

7.2. Flame acceleration by turbulence

To be able to predict consequences of gas explosions in integrated industrial
systems, the problem of flame and pressure development in turbulent environments
must be addressed. Several experiments have recently been performed to investigate
such problems.

The qualitative mechanisms for this flow, turbulence and combustion interaction
are fairly well established, but there is lack of quantitative methods to predict what
happens in various geometries.

The present computation method is aimed at handling this complex interaction.
The particular geometry that has been considered so far is a tube with axisymmetric
repeated obstacles. This problem was studied by Moen et al. (1982) using methane/
air, and Hjertager et al. (1984) using propane/air in a large-scale tube facility situ-
ated at Sund, close to Bergen, Norway. The tube was 10 m long and had a diameter
of 2:5 m and thus a volume of 50 m?>. The ignition end was closed and the down-
stream end open. Turbulence-inducing rings of various widths and number were
inserted instde the tube. In the present calculation we focus only on one geometrical
configuration, namely 5 equally spaced rings, each blocking off 16, 30 and 50% of
the free tube area. The calculation domain is shown in Fig. 5 together with grid
layout and dimensions. 30 grid points are used in the x-direction and 15 in the
radial direction. The Courant number based on the unburnt condition was 0-5. The
initial gas composition was a stoichiometric mixture of methane-air or propane-air
and ignition was initiated by a planar source at the closed end (Fig. 5). The chemical
induction time data has been taken from Burcat er al. (1972). No attempt was made
to model details of the ignition process or the laminar to turbulent flow transition.
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In fact, the flow was treated as being in the turbulent regime from the start, and
therefore, the turbulence and combustion models of paragraphs 3 and 4 were applic-
able. The ignition was accomplished by stating that 10% of fuel at the closed end of
the tube was burnt and that the reaction rate and effective viscosity was dependent
on the initial value of the dissipation rate &. This value was varied until the
resulting pressure and flame development at later times were almost independent of
these initial conditions. The reason for this being valid, is the strong positive feed-
back mechanism which comes into play at the later stages of the process.

Figures 6 (a) and (b) show a comparison between predictions and experiments
for two typical pressure traces versus time, one recorded near the ignition end, and
one near the down-stream end of the tube. We can see that the general trends are
reproduced in the calculations. This means increased pressure rise and peak pressure
at the exit end of the tube as compared to the start end, and the later occurrence of
the pressure peak at the start rather than at the exit. The largest discrepancies
between experiment and simulation are found in the pressure decay period. A pos-
sible explanation to this may be the fact that Moen et al. (1982) used a plywood ring
at the exit end, whereas the other rings were made of steel. This means that the last
ring was destroyed in each experiment, possibly giving rise to a faster pressure
decay.

In Figs. 7 (@) to (j) some details of various stages in the flame and pressure
propagation are depicted. For each point of time stated, distributions in space of the
following four quantities are given. From top to bottom these are velocity vectors,
pressure, concentration of combustion product and reaction rate. The meaning of
the different vectors and contours is as follows: The largest velocity vectors dis-
played are 300 m/s and if higher vectors occur, only this maximum is shown. For
the flame contours the full line represents 50% of fully burnt condition, whereas the
other two contours represent 75% burnt (broken line) and 25% burnt (broken and
dotted line).

The other two quantities (pressure and reaction rate) are represented by con-
tours scaled to the maximum value. This means that full lines represent 95%,
broken lines 75%, broken dotted lines 50% and dotted lines 25% of the maximum
quantity.

Figures 7 (a) and (b) show the initial phases after ignition. Pressure waves are
sent ahead of the flame, which is planar at these two times., In Figs. 7 (¢) and (d)
distortion of the flame due to the influence of the first obstacle is observed. The peak
reaction rate is located in the centre in Fig. 7 (c), but in Fig. 7 (d) the formation of
large rates of reaction in the shear layer is seen. This again is confirmed by the
pressure contours, which now have their maximum in the pocket (Fig. 7 (d)).

Occurrence of highest pressure and rates of combustion in the shear layers of the
pockets are also evident in Figs. 7 (e), (f) and (g). The effect of turbulence enhance-
ment on combustion and turbulent transport in the shear layer are depicted in Figs.
7 (f) and (g). In the first of these figures the leading flame is in the central part,
whereas in Fig. 7 (g) the flame is so distorted that the leading front is in the shear
layer. Note that the peak rate of combustion in Fig. 7 (g) is approximately 40 times
larger than in the initial stages of propagation (Fig. 7 (a)). After the flame has
reached the outlet, the pressure becomes more constant in the various cross sections,
and from Fig. 7 (i) onwards the main process which occurs is venting and thus
pressure relief. Although some combustion still occurs in the pockets (Fig. 7 (i) and
(7)) the rate is much lower than during the most vigorous periods (Figs. 7 () to (g)).
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Figure 8 shows comparisons between predicted and measured flame speeds
along the centre line of the tube. The general features of the flame propagation are
reproduced, that is a wavy increase of speed. These waves are due to the alternating
acceleration and deceleration of the flow through the ring orifices.
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Figure 8. Variation of centre line flame speed with distance from ignition. Prediction (a),

experiment (b).
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Figure 9 shows a comparison between experiments and predictions of peak
pressures versus blockage ratio (BR = (1 — (d/D)?) for methane-air and propane-air
mixtures. The Fig. shows that the large difference in peak pressures between
methane-air and propane-air explosions is fairly well predicted. The present predic-
tion method also gives the correct behaviour of pressure versus blockage ratio.
There is, however, some underprediction for propane-air at blockage ratio 0-5. It
should also be mentioned that the original combustion rate model (Magnussen and
Hjertager, 1976) would only show a 20% difference between methane and propane.
This clearly demonstrates that changes in only thermodynamic properties and use of
the infinite chemical kinetics assumption are not capable of reproducing the experi-
mental differences between methane-air and propane-air explosions.

A severe test for any prediction method is to see the predicted effect in various
scales of the geometry. This has been done for the present geometry and the result is
shown in Fig. 10. This Fig. shows the variations of the peak pressures inside the
tube with linear scaling factor. A strong increase of pressures from laboratory-scale
to large scale is observed, whereas further pressure increase with larger scales
beyond approximately a scaling factor 1 for propane and a scaling factor of 10 for
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Figure 9. Peak measured (Moen et al., 1982; Hjertager et al,, 1983) and predicted pressures
in the 50 m® combustion tube as function of blockage ratio, B.R. = 1 — (d/D)>.
Propane-air and methane-air mixtures.
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methane is moderate. Moen (I. O. Moen, private communications, 1980) conducted
a small-scale experiment (Scale 1/16) of the 50 m® Sund tube using methane/air and
found that the peak overpressures were in the order of 0-5 bar, which is comparable
to what the present method predicts.

8. Conclusions

A computer simulation method for dealing with compressible turbulent reacting
flows has been presented. The calculation method has been tested for transient com.
pressible flows. The results of testing against available analytical solutions for the
shock tube problem are good. Furthermore, the problem of turbulent flame acceler-
ation by obstacles has been modeled and comparison of predicted pressure pulses,
flame speed and pressure load scaling with available experimental data is good. The
predicted peak pressures are in general in good agreement with corresponding large-
scale and small-scale experimental data. This shows that rate of combustion in shear
produced turbulence is mainly dependent on rate of micro mixing between turbulent
eddies. It is also shown that the chemical kinetics of the system have to be con-
sidered in fast turbulent deflagrations to be able to correctly predict flame- and
pressure development in different fuel-air mixtures. However, the computation
method for compressible reacting flows must be tested in various other geometrical
configurations to further investigate the potential of the model to predict explosion
effects in real-life geometries. Turbulence measurements of various quantities in
transient combusting flows are greatly needed in order to refine the various parts of
the model.
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