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ABSTRACT

A simple and efficient numerical model is preserftadhe
simulation of pulse combustors. It is based on ribenerical
solution of the quasi-1D unsteady flow equationgd am
phenomenological sub-models of turbulence and catitu
The gas dynamics equations are solved by usingFtbhg
Difference Splitting(FDS) technique, a finite-volume upwind
numerical scheme, and ENO reconstructions to olstegond-
order accurate non-oscillatory solutions. The nicaéfluxes
computed at the cell interfaces are used to trahspso the
reacting species, their formation energy and theoutent
kinetic energy. The combustion progress in eacH &=l
evaluated explicitly at the end of each time stegoeding to a
second-order overall reaction kinetics. In this wathe
computations of gas dynamic evolution and heatasdeare
decoupled, which makes the model particularly semphd
efficient. A comprehensive set of measurements Ibasn
performed on a small Helmholtz type pulse-jet idesr to
validate the model. Air and fuel consumptions, wall
temperatures, pressure cycles in both combustiambkr and
tail-pipe, and instantaneous thrust have been dedorin
different operating conditions of the device. Themparison
between numerical and experimental results turnstoue
satisfactory in all the working conditions of thelge-jet. In
particular, accurate predictions are obtained o tlevice
operating frequency and of shape, amplitude andeplo& the
pressure waves in both combustion chamber angitzel-
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the interaction between an unsteady flow and tla tedeased
by a periodical combustion process.

From the beginning of the twentieth century, pugat
combustion has been used in a wide range of agiplisasuch
as rocket engines, boilers, hot-air furnaces anerdr[1]. In
general, this combustion technique offers advarstalijee
efficient combustion and low emissions of Nénd CO [2].
Distinctive features of the pulse combustors aee high wall
heat transfer, which makes them valuable for thérma
applications, and the high thrust/weight ratio whesed as jet
engines for aeronautic propulsion. Furthermore, seul
combustors are simple, compact and low-cost deviCs
particular interest are the applications in doneeséind
industrial heating systems (water or air heaterears
generators, dryers) and in the field of energy potion [3]. In
gas turbines, the pulse combustor has been propased
substitute for the conventional burner or even tfer whole
compressor/burner unit [1]. Pulsating combustionassidered
to have a good potential for development in thddfief
aerospace propulsion [3]. In particular, the pultonation
engines, which have been pointed out as the aaespa
propulsion systems of the next generation [4], appe be
more efficient than the actual jet engines at tsthsonic and
supersonic regimes [5] and to represent a betternalive to
turbo-fan afterburners [6]. Recently, the use ofpalse
combustor has been proposed to obtain a catalystthi®
synthesis of nanostructured carbon materials [7].

The renewed interest in pulsating combustion hdstde
many modeling attempts at different degrees of deriy and
detail. Referring to the studies of prevailing net&t for thermal

Pulsating combustion is a complex phenomenon that applications, which do not consider exclusively tpelsed

establishes in devices of proper geometry as aecpsice of

detonation combustion, the proposed numerical nsodshge

Copyright © 2009 by ASME


https://core.ac.uk/display/53360243?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

from one-dimensional approaches [8-11] to threeedisional
models usingLarge Eddy Simulatiorj12][13]. Experimental
studies have been also carried out by performimg-tiesolved
measurements of flow field, temperature and hdaase inside

pulse combustors [14-16].

In spite of the considerably large number of prasio
studies, some important aspects need to be ina¢stigurther
on in order to provide efficient and reliable cortgiional tools

for pulse combustor design.

on

validating the model,

In the present work a comparatively simple numérica
model is presented for the simulation of pulse cosbtrs,
which is claimed to be sufficiently accurate for sigm
purposes. The model is based on a quasi one-diorexisi
approach to solve the unsteady flow inside the awmtds and
phenomenological sub-models of turbulence
combustion. A comprehensive set of measurementsdiat
have been performed on a Ismal 4
Helmholtz type pulse combustion engine. Numericad a
experimental tests allowed the unsteady behavidhefevice

to be captured in its whole operating range.
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speed of sound

pipe cross-sectional area

specific heat at constant pressure
specific heat at constant volume

pipe diameter

turbulent diffusion coefficient

internal energy per unit mass

absolute energy per unit mass
formation energy per unit mass

total internal energy per unit mass

mean flow kinetic energy per unit mass
activation energy

wall friction factor, frequency
stoichiometric fuel/air ratio

enthalpy per unit mass, heat transfer coefficient
total enthalpy per unit mass

turbulent kinetic energy per unit mass (TKE)
length scale of energy-containing eddies
mass

mass flow rate

fuel molecular weight

Nusselt number

pressure

TKE production rate

Prandtl number$ uc,/A)

wall heat flux
gas constant

universal gas constant
Reynolds number
thrust

time

gas temperature

wall temperature

u flow velocity

u’ rmsvelocity fluctuation
X space coordinate

y mass fraction

Greek letters
air/fuel ratio
specific heats ratioX cp/cv )

y
£ TKE dissipation rate

A molecular thermal conductivity
At turbulent thermal conductivity
7] dynamic viscosity

v kinematic viscosity

Yol density

o Stefan-Boltzmann constant
equivalence ratio

Subscripts
a air, ambient
b burnt

cc combustion chamber

e pipe end section

f fuel

g gas

m mixture

st stoichiometric

t partial derivative with respect to time
tp tail-pipe

u unburned

X partial derivative with respect to space

THE PULSE COMBUSTOR

Three main types of pulse combustor can be disishgd:
Helmholtz, Schmidt (also known as quarter-wave) &ijte
pulse combustors. They differ in geometry and a@auJstic
behavior, but they all exploit the principle th&tcombustion
heat is periodically added with proper phase tooscillating
gas flow in a pipe, the oscillation is made seHtaining.

The present work considers a Helmholtz type condouat
schematic representation of which is provided ig. F. It
consists of an automatic valve, an inlet tubeamé holder, a
combustion chamber and a tail-pipe. The device ssally
started by using a fan to blow fuel/air mixture cinthe
combustion chamber and a spark plug to ignite tlune.

Combustion chamber
1
| Tail pipe

S

i:Iame holder

Fig. 1 —Helmholtz type pulse combustor.
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Once a stable working condition has been attaibeth the fan

and the spark plug can be switched off.

The operating cycle of the combustor consists @& th
following stages:

1) the combustible mixture ignites due to mixing wilot
residual combustion products from the previousewrid to
the contact with the hot surfaces of the combustion
chamber;

2) the increase in the chamber pressure due to corbust
causes the valve to close and the exhaust gas t@ mo
outwards through the tail-pipe;

3) burnt gas expands and the pressure in the combustio
chamber drops to below the atmospheric value; tiaenber
empties and the valve opens;

4) the fresh fuel/air mixture enters through the vasdong as
the pressure in the combustion chamber is lowen tha
atmospheric pressure;

5) a compression wave coming from the tail-pipe engsea
the valve to close and the charge to be compresgwesl.
fresh fuel/air mixture ignites and the cycle iseafed.

Typically, the cycle frequency of a Helmholtz pulse
combustor ranges from 20 to 3B@ [1].

THE MODEL

The present model of the pulse combustor is based o
one-dimensional description of the unsteady flowida the
device and semi-empirical sub-models of combustéomd
turbulence. In order to reduce the computationat,cthe
evaluation of the species and turbulence transpadt of the
combustion progress is decoupled from the commurtaif the
wave propagation inside the combustor.

At each time step, the equations of the quasi-18taady
flow of a perfect gas are solved by using a finil@ume
numerical scheme. The fluxes computed at the o&dirfiaces
are then used to evaluate explicitly the transpbttvo species
(unburned and burnt fuel), turbulent kinetic enefggeded to
compute mass and thermal diffusion) and formatioergy of
the combustion products (needed to compute therbésise).
At this point, the solution at the new time is ‘Zem” and the
computation of combustion and heat release is pedd at
fixed time in each computational cell accordingata@onstant
volume process. The combustion sub-model estimdtes
fraction of burning fuel in the step by means afegond-order
overall reaction kinetics. The formation energy tbe cell
content after combustion is then evaluated by clemgig the
combustion products as formed by six species,(QD, HO,
H,, O, Ny) in chemical equilibrium. The heat release in each
cell is computed as the difference between the dtion
energies of the gaseous mixture before and aftecdmbustion
step, and the increases in the cell temperaturgpeesbure are
consequently evaluated. The solution at the neve fievel is
definitively updated with the values after the camstion and
the whole computational procedure is repeated tvernext
time step. A more detailed description of the wasicsub-
models is provided in the following paragraphs.

Gas dynamic evolution
The quasi-1D unsteady compressible flow in a pipe i
described by the vector equation:

Wi +F(W)X+S:0,

(1)

where the vectors of conserved variables,fluxes, F, and
source termsS, have the expressions

puc
) pu

w={pu; F={p+pu’l sS= pu2(££+aJ
o€e° ouh® d u

4q_w _ (/] TATX)X

uh®o -
P d A

and o =(dA/dx)/A. Notice that, in order to account for the
turbulent diffusion of the combustion hetite additional term
(4 AT,), has been introduced in the third element of veStor
compared with the classical formulation of the &>

unsteady flow equations (see, for example, Ref])[1System
of equations (1) is closed by the perfect gas €qtstion:

p=(y-)pole°-u?/2). @)

Equations (1) represent the balances of mass, ntameand
energy in conservative form. They reduce to the-one
dimensional Euler equations if the vector of tharse terms is
dropped, i.e., for a frictionless, adiabatic andepuconvective
flow in a pipe of constant cross-sectional area.

With reference to a computational grid of rectamgle

[ X-y2:%+y2] % [tq,th+1] in plane (x,t), the integration of eq.
(1) leads to

wn+l _—n _ At

Wi Wi —E(ﬁﬂ/z‘rﬁ—w)_msﬁ (3)
where
—n_ 1 X2 E =L lm
Win _E - W(x,tn)dx, F|+1/2 = E-[tn F(Xi+1/2,t)dt,
= _ 1 thet Xi+]/2
S = oA 5 ‘[Xi—l/Z S(x,t)dxdt

are the vectors of the average conserved varialies
[ X-y2.%+y2] at time t,, average fluxes intf,ty.1] at cell

interface X,y and cell-averaged source terms, respectively. A

suitable numerical approximation of the fluxes ateifaces
X+y2 and source terms in eq. (3) leads to a finite malu

scheme which provides explicitly the solution atvrtene t,,.q

in terms of cell-averages of the conserved varg@hteold time
t,. The numerical fluxes have been evaluated by usireg
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Flux Difference Splitting (FDS) technique, which is an
approximate solver of Riemann problems [18]. Rieman
solvers are powerful tools to introducepwinding in
conservative schemes for the numerical solutiohygferbolic
problems. Upwind schemes take into account thectireal
propagation of waves that represent the physicaishaf the
unsteady flow phenomena and, consequently, thepagiaie
the solution in the space-time domain more cotyettthn the
centered methods do. Due to the conservative fofnthe
equations and to the special discretization of fhxes
provided for by the FDS technique, the numericatesoe
enjoys the shock-capturing property, i.e., it is able to
automatically detect and correctly propagate angwfl
discontinuity (shock waves and contact discontiasit

The FDS scheme is only first-order accurate in spac

because the solution at each time is approximagexideries of
constant states in the computational cells (piesesgonstant
distribution). On the other hand, it is known théjher-order
piecewise reconstructions lead to oscillatory sohs if the
reconstruction itself is performed according taredr scheme
(Godunov’s theorem [19]). In the present work, eosel-order
accurate solution (in space and time) is obtaingdiding the
Essentially Non-Oscillatorf)ENO) technique [20]. Thanks to
the use of a non-linear reconstruction procedurgedeon a
variable interpolation stencil, this technique akohigh-order
accurate solutions to be obtained without spuramgllations.

For the mathematical details of the FDS solver BAD
reconstruction the reader is referred to the litesa[18][17].

In the present work, the Euler equations (egs.with
S=0) are solved at first over the time step by usimg EDS-
ENO scheme. Then, the source terms are evaluagitity
halfway through the time step and their contributi® added to
the conserved variables to obtain the final soflutib new time
th+1. The computational domain is discretized Nh space

intervals and the amplitude of the time step istéohaccording
to the Courant-Friedrichs-Lewy stability criterion:

CFL[AX

A= max{ u|+ a)’ @

where CFL<1 is the Courant number. At each time level, term

|u|+a is computed in all the space intervals, its maximu

value is found and condition (4) is applied to eread the next
integration time step.

The boundary conditions are computed by using the

classicalcharacteristic boundaryapproach [21]. It considers
the compatibility equations along the characteriities that
reach the boundary from the interior of the pipgetber with
additional conditions mostly based on the assumpdfoquasi-
steady flow. For the computation of the boundanyditions at
the pulse combustor inlet the cases of open amnskdlvalve
must be distinguished.

In the case of open valve, its steady pressure-flate
characteristic is usually employed to relate thgtantaneous
pressure difference across the device to the itstanus

inflow velocity. In the present case, the dynangsponse of
the automatic (reed) valve cannot be neglectedusecis first
natural frequency (about 19%2) is very close to the pulse-jet
operation frequency and, therefore, a quasi-steg@gyoach is
quite inadequate. On the other hand, a sufficieatigurate
model of the valve dynamics is difficult to be dhtd due to
the impact of the reeds on the stop surfaces atttetgariation
of the contact area between the rear surface diahee holder
and the reeds as they bend, which makes the vaivenucs
strongly non-linear. Therefore, it seemed more aklit to
perform direct measurements of amplitude and pluodistne
instantaneous air flow velocity through the intgdats during
the pulse-jet operation and to use the correspgnfiiiw rate
distribution as a model input. The other boundamyditions in
the case of open valve are given by the conservatiohe total
temperature across the valve and by the comp#ilgitiuation

along the characteristic line with slopd =u-a coming
from the pipe interior. When the valve is close tondition of
zero flow velocity is enforced at the inlet sectiof the
combustion chamber and two compatibility equaticare

written along the characteristic lines with sloptsandu =0.
As the boundary conditions at the tail-pipe oped ame
concerned, the cases of (subsonic) outflow andsevilow are
distinguished. For the outflow, the pressure atplpe exit is
enforced to be the ambient pressure and the coiljigti
equations are considered along the characteristés Iwith

slopesu>0 and A" =u+a. For the reverse flow from the
ambient into the pipe, the momentum equation igtevrifor the
inflow through a sharp-edged pipe inlet (Borda t@gavhich
leads to conditionp, = p, — peu2 . Moreover, the conservation
of the total temperature and the compatibility emumalong

the outgoing characteristic lind]” =u+a, are used.

Wall heat transfer
Both forced convection and radiation heat transies
assumed to contribute to wall heat flay, .

The convective heat flux is modeled differently time
combustion chamber and in the tail-pipe. The |beslt transfer
coefficient in the combustion chamber, which isegion of
highly turbulent flow, is computed by means of tHasselt-
Reynolds relationship

Nu=alRe, )

where a and b are constant. Usual valub= 0.8 has been
accepted, while constart has been assumed as a tunable
parameter of the model. Reynolds numBRe=u.L/v is based

on the characteristic size of the large-scale egltlieand local

characteristic velocity u; = Ju?+u?, w being the rms
velocity fluctuation computed from the turbulentétic energy
(u'= \/T/S). The forced convection heat transfer coefficiant
the combustion chamber is then computed as
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hee = NUA/L.

The local convective heat transfer coefficient fire tail-
pipe is computed as for a fully developed turbulfotv in
smooth pipes by means of the Dittus-Boelter cotiata

Nu = 0.023Re*8pr¥3. (6)

The Reynolds number is defined &e= p|u|d/u, where|u|

is the absolute value of the instantaneous flovocigl. The
heat transfer coefficient in the tail-pipe is trmmputed as

hyp = NuA/d.
Transport propertieg, ¢, andA of the combustion products

are computed as functions of temperature and elguive ratio
as suggested in [22].

The contribution of radiation to the wall heat s#er is
evaluated in both combustion chamber and tail-jpipeneans
of the relation

Ow,rad = Cr U(Tv‘\} _T4)’ (7)

wherecg is an adjustable constant.
Finally, the local wall heat flux is computed as

QW(X t) Peg/tp (X t)[T ( ) (X t)] * Qw,rad (X t)

The wall temperatures have been measured at sestati@ins
along the pulse-jet and their piecewise linearrpdtation has
been used in the model to provide dataTgfx).

Species and formation energy transport

The gaseous mixture at any location inside the crutap
is assumed to be formed of air, fuel vapor and amtibn
products in chemical equilibrium. To define its quousition the
following parameters are introduced:

y1=mg,/m, Y2 =Mgp/m,

which represent the ratios of the unburned; () and burnt
(m¢p) fuel masses to the total mass of the gay. (

Furthermore, we define an overall equivalence rgfipwhich
refers to the whole fuel massng = m¢, + m¢p), and a partial

equivalence ratiog, ), which refers to the burnt fuel only:

_ MM _ 1M Mip/Ma 1 M
(e /ma), T my e /mg) fe my

It is assumed that fuel and air combine always rticg to the
overall equivalence ratio, so that the relation dsol

Mip/Map = fi@, Mgy being the combined air mass. Under

this assumption parameterg; and y,, or equivalently @
and ¢, , are sufficient to define univocally the compasitiof
the gaseous mixture.

The following transport equations are written fdret
uncombined ;) and burnt §/, ) fuel:

aloy;), 1 0

0Yj :
A DyA—L1|=0, j=12, (8
3t Aax[pu yj-p Ix ] =12, (8)

where turbulent diffusion coefficieriDy is assumed to be the

same for the two species. The discretization of(@over the
i-th computational cell leads to

(oY)t = (oy)
1
+K5[A v2(Puly2¥ g2 = Avyalpuly2 V2
n__ " -y
(PD ALJ/Z% (pD A)I 1/2% ®)

where subscriptj = 1,2 has been omitted for brevity. The mass
fluxes at the cell interfaces(ou),,y,, are known from the
solution of egs. (3), while the values at old tiein the cell

where the flow comes from are considered for theeaikd
mass fractiong(yy),q, and (y2),y/,- The coefficients of the

diffusion terms at the cell interfaces are evaldatecording to
the formula:

oy 1,1

(prA)i+]/2 2 (prA)i (prA)H.l
which is consistent with the equality of the ceateand one-
side numerical representations of the diffusivadiiat the cell

interface, i.e., it satisfies the conditions
Yier— Vi _ Yi+y2 ~Yi
D,A - = =\pD,A
(p )'+J/2 AX (p y )' DX/2
_ Yi+1 7 Yi+y2
=lopya) =5

In the case of open valve, the boundary conditfon&gs.
(8) at the combustor inletx(=0) are obtained by prescribing
the values

yl|x:o = fsin /(1+ fstﬂn)v y2|x:0 =0,

¢ being the equivalence ratio of the entering agél/fuixture.
In the case of close valve, the values yf and y, at the

boundary are computed by using compatibility equrstialong
the characteristic line with slopeu=0. The boundary
conditions at the tail-pipe open end are obtaingaviiting the
compatibility equations along the characteristie lwith slope
u >0 in the case of outflow, while reasonable valuespfind
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y, at the boundary are prescribed in the case ofrsevilow

from the ambient into the pipe. These values arepted by
assuming that the entering flow is a mixture of 5@dthient air
and 50% exhaust gas discharged by the device ipréhdgous
cycle.

The formation energy per unit mass of the gasedusire
in each computational cell is evaluated as

€ m=Y1€f 1 tYqg ef,g(T:png) (10)

where e; ¢ is the constant formation energy of the fuel,
Yg =y,(1+1Yfqp)=@ /@ is the mass fraction of the

combustion products ane;  is their formation energy. This

latter depends on the equilibrium composition of thurnt
gases and, therefore, on mixture temperatugartial pressure
of the combustion productpy and equivalence ratig . Note

that eq. (10) does not include the contribution tbk
uncombined air because its formation energy is Zayo
definition. In order to save computational timeg #quilibrium
compositions of the combustion products 0O, HO, H,,

0, N,) and the corresponding formation energies are cbeap
once and for all for discrete values of temperatpressure and
equivalence ratio in  sufficiently wide intervals
(270< T[K]s4000, 02< p[bar]le, 0<¢<2). The values

of e 4 in the nodes of this three-dimensional domain are

stored in a properly formatted input file that &ed by the code
to compute the gas formation energy for the actahles ofT,
pg and ¢ by means of 3-D linear interpolations.

Since the absolute internal energy (the sum of #&bion
and sensible energies) of an isolated system wnatant, any
change in the formation energy corresponds to aralegnd
opposite variation of the sensible energy of ttetey, i.e., to a
heat release. In the present work, combustion ideted as a
constant volume process occurring in an isolatedtesy
represented by the gaseous content of each congmatiacell
at the end of the time step. Therefore, the hdaase due to
combustion could be simply computed as the diffeeen
between the formation energies of the gaseous meixtefore
and after the burning process. However, when tmebestion
products are transported from a cell to anotheoraicg to eq.
(8), their formation energy may change due to teatpee and
pressure variations and to the mixing with gaseglifiérent
composition. This contribution to heat release wolle

completely ignored if the cell value @‘f”é before combustion

were referred to the equilibrium condition reaclweeach cell
after the transport processes (egs. (1) and (&)oviercome
this problem the formation energy of the burnt gasefore the
combustion step has been computed as the resulheof

transport of ey 4 itself, according to the advection-diffusion
equation:

dlpygerq) 1 0 2y,
——=+——| puAy,e; 4 —PDy/A—¢ =0.
at Aax| PU el TPy AT el

(11)

The discretized form of eq. (11) is similar to €).and it is not
reported for brevity. Also in this case the numarigrocedure
makes use of the mass fluxes at the cell interfacasputed
from egs. (3) and the transported formation enesggferred to
the cell where the corresponding gas flow comesfrdohe
boundary conditions for eq. (11) are obtained hygoating the

formation energy for the values af"*, pé”l and ¢"** at the

end nodes.

Turbulence model

A simple model of generation, transport and digsipaof
turbulent kinetic energy (TKE) is used to comptte diffusion
coefficients A1 and Dy in egs. (1) and (8,11), respectively.

Under the hypothesis of isotropic turbulence, thebdlent
kinetic energy per unit mass is expressedk as%u'z. TKE is
generated by the conversion of the mean flow kinetiergy,
E:u2/2, through a kinetic energy cascade process. The

kinetic energy contained in large scale turbuleddies is
transferred to smaller and smaller scale structioyesn inertial
and essentially inviscid mechanism, until molecudéfusion
becomes important and viscous dissipation of endirgplly
takes place. The TKE dissipation rate can be estiinas

5=u'3/L [23]. The model results in the following transport
equation foik:

apk) 10 ok
——L+= —| puAk-pD,A— |=p(P-€), (12
ot Aax(p 7oy GXJ Ap-e). @2
where
3 32 32
£= u- = l(g kj = 05443k— . (13)
L L\3 L

The TKE production rateR, is modeled assuming a turbulence
production similar to that of a boundary layer oweflat plate

[23]:
u 2
P= Vi CE (—L] y

where v, :cﬂkz/e is the kinematic turbulent viscosity,

(14)

¢, =009 is a universal constant andg is an adjustable
parameter of the model. If eq. (13) is used to iglate £ from

the expression of4 and u? is replaced by2E in eq. (14), the
TKE production rate takes the form:

P =0.3307cg %JE . (15)
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Two different values are assigned to constegt in the
combustion chambercg;) and in the tail-pipe ¢g,) of the

pulse combustor, in order to take into accountsigeificantly
different geometries and flow conditions. The meftow
kinetic energyE in eq. (15) is evaluated on the basis of the
instantaneous velocity of the one-dimensional flow, except
for the initial portion of the combustion chambef {ength
equal to the chamber radius) whé&rés referred, in the case of
open valve, to the velocity of the fresh fuel/airixiare
emerging from the annular section between the fléyoier
and the chamber wall.

The discretization of eq. (12) and its numericélison are
performed in the same way as for the transport teans of
species. Source ternisand £ are evaluated explicitly on the
basis of the cell values at old timg,. As the boundary

conditions are concerned, in the case of inflowrfrite valve
or the pipe end the turbulent kinetic energy atehd nodes is
estimated as a reasonable fraction of the kinetergy of the
entering mean flow K, = 0.1E;, ). In the cases of close valve

and outflow from the tail-pipe, compatibility eqiats along
the characteristic lines with slope provide the boundary
values fork.

After evaluatingk in all the computational cells, the local
values of the mass and thermal diffusion coeffideare
computed by exploiting the analogy of mass, moranéund
energy turbulent transport, which leads to:

oy =Dy =v; =c, k?/e =01653LVk , (16)

where a; = Ay /pcy, is the turbulent thermal diffusivity and
dissipation ratee has been eliminated by using eq. (13).

Combustion rate and heat release

After solving transport equations (1), (8), (11§dh?2), the
state of the gaseous mixture in each computatioedl is
completely known at time,,,;, except for the contribution of

combustion. The present model assumes an instantarieat
release at the end of the time step, which redutts the
change in the formation energy of the cell contun to the
burning process. Since the cell properties befard after
combustion refer both to timg,,1, they will be distinguished

hereafter by indice§ andn+1, respectively.

According to the model proposed by Longwell e Weiss
[24], the combustion rate is expressed by the folg second-
order overall combustion kinetics:

d ~ \f
d_¢tb = K\/?exp(— Ea/RT)_IfAtfa (0-a) .

7

where rate constait is set equal t®.5 nott m3/KJ/2kmoIs,
as suggested in [24] for hydrocarb@gH, g, activation energy
E, is assumed as a tunable parameter of the modklpans

the ratio between the total mass of air (uncombired burnt)
and the cell volume.

Equation (17), the complete derivation of whicltsigwn
in [25], is solved at the end of the time stepampute the fuel
mass fraction burnt in the step through the cooedmg
increase in ¢, . In each computational cell, eq. (17) is

discretized as follows (cell indexs omitted for brevity):
B - g = CIT exp- Eo/RT) ol )t

where C=K fg/M; is a constant, whilél = (TD+T”+1) 2

(18)

and @, = (¢E+ ¢g‘+1)/2 are the mean values of temperature and
partial equivalence ratio during the combustiompste

After the burning process, the mass fractions dfusmned
fuel and combustion products are given by

i n+l _ @

Tltige’ Ys 9

n+l _

Y1 (29)
and the absolute internal energy of the gaseousireixnust be
equal to the one before combustion:

n+l _ n+l n+l
ea,m - ef,m +CVT

n+l _ ezE,m

(20)
In eq. (20) the sensible internal energy per urdgissnof the
mixture is written asc,T, where ¢, is assumed to be
independent of temperature and composition, cargigtwith
the perfect gas model used in egs. (1). The pastedsure of
the combustion products should be computedpgs= x4 p,

n+l

ZY{Hlef,f +ya+lef,g(T ,pg+l,¢7)+CvT

Xg being the mole fraction of burnt gases. Howeveg t
reasonable approximationyy Llyy is used, which avoids

computing or storing the equilibrium compositioms &ny set
(T, p,qo). This approximation is justified by the small nuenb

of fuel moles compared to the total one and byt similar
values of the air and burnt gas molecular weidktisthermore,
a small error in the partial pressure of the cortibngproducts
results in a much smaller error in their equililbnigomposition
and formation energy.

Finally, the condition of constant volume process i
imposed:

n+l _ pDTn+1
=5 .
T

Relationships (18) through (21) represent a noealin

equation system in the unknowrg*t, TN*1 yn*tl y8+1

p (21)

n+1

and p"~. Its solution, obtained by means of the Newton-
Raphson iterative procedure, allows the final sttéme t, .,

(after combustion) to be computed in each cell.

Copyright © 2009 by ASME



EXPERIMENTAL APPARATUS AND PROCEDURE

jet coming from a centrifugal fan, the delivery pof which

Figure 2 shows the geometry of the pulse combustor surrounds the combustor head in Fig. 3.

considered in the present work. It is a scale model pulse-
jet, which exploits the high speed flow of exhagsts to
generate thrust for aeronautic propulsion. The aewionsists
of two main parts: the head, which includes théd/&irefeeding

The pulse combustor is fed by a small constantl Ifed
tank (on the left in Fig. 3) similar to the floahamber of a
carburetor. It is supplied with gasoline by a maservoir not
shown in the figure. The measurements of fuel comion are

system, and a variable area pipe where the unsteadyperformed by switching the fuel line from the camtlevel

combustion and flow phenomena take place. The hsad
configured as an elementary carburetor and it desua small
float chamber, eight air intake ports, a fuel d&ge tube, a
needle valve for fuel metering and a Venturi nozZlde
fuel/air mixture is fed to the combustion chambmmotigh a
reed valve, which consists of ten harmonic stedhlpethat
uncover feed holes as they bend due to the negattéssure in
the combustion chamber. The last element of thel hedhe
flame holder, which is shaped as a spherical bowl a&cts also
as end stop for the reed valve petals. The pipsistnof a
single tube of variable cross-sectional area médstainless
steel. The initial portion of larger diameter, whiacts as
combustion chamber, narrows smoothly to form thlepipe,
the final portion of which is slightly divergent.

The pulse-jet is started by blowing compressedhaough
one of the intake ports while generating sparksnbgans a long
piezo-electric igniter inserted manually from thipep bottom
into the combustion chamber. After a self-sustgnin
combustion has been established, both the delpigeg of the
compressed air and the igniter are removed.

The test rig used to perform the measurementsowrsin
Fig. 3. The pulse-jet is fixed to the moving pdraa aluminum
slide. The device head is encased in a duct towalioe
measurement of the average air flow rate through phise
combustor. The duct draws air from the base ofgel&olume
settling chamber, the upper wall of which is coriedcto a
straight pipe that includes a diaphragm for theflaiw rate
measurement. Two threaded sleeves are welded ooutiee
walls of combustion chamber and tail-pipe (Bthand 350mm
far from the pipe inlet section) to provide seais & water-
cooled piezo-electric pressure transducer (Fig.h8ws the
transducer installed in the tail-pipe). Five tengpere taps are
mounted on the pipe side at 28, 87, 187, 340 afdrs@from
the pipe inlet section. They allow the insertion @firomel-
Alumel thermocouples for the measurement of thesrinmall
temperature. The pulse combustor is cooled by a figed air

1. Fuel valve 2. Float chamber 3.Air intake port

4. Needle valve  5.Fuel discharge tube 6Reed valve
7. Flame holde 8. Combustion chamb 9. Tail pipe
90 90 325 55 §
x| ‘
[
«©
S) Il
o |
7 8 8 °
Fig. 2 — Pulse-jet scale model.
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fuel tank to a measuring burette. This latter isr@zted to a
mechanism that allows the head of fuel to be hetgstant with
respect to the combustor while measuring.

The instantaneous thrust is measured by using an
accelerometer and a high-frequency response lodtl ce
connected to the slide by means of a double bait.jhow
friction ball bearings are used to minimize theigtesice to
translation of the slide and the consequent effecthe thrust
measurements.

In order to obtain the instantaneous air flow tatbe used
as an input data for the model, flow velocity meaments
were performed by means of a single-component hot¢ w
anemometer placed just upstream of an intake pbrth®
device head. The simultaneous acquisition of tgeads from
the hot-wire and the pressure transducer allowedptiase of
the intake process with respect to the pressurée dgc be
detected.

The experimental data have been acquired by using a
general purpose multi-channel acquisition systehe 3ignals
from the pressure transducer, load cell, acceletemad hot-
wire have been sampled at the frequency oki2@ The data
have been post-processed by an in-house develaftebee,
which performs signal filtering and averaging toyide the
mean pressure and thrust cycles.

The operating condition of the pulse-jet is unidbca
determined by the opening degree of the needlevabated in
the device head. In fact, the characteristics (duodd,
frequency and phase) of the unsteady combustion flamd

Fig. 3 — Picture of the test rig.
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phenomena inside the device depend mainly on tekenfiass
introduced and burnt in the combustion chamber qete.
These unsteady phenomena affect in turn the opeofirthe
reed valve and the mass of fuel/air mixture intitliin the
combustion chamber. Therefore, there must be aianigjation
between fuel consumption and air mass flow or, \ejantly,
between fuel flow ratefn; , and air/fuel ratiogr =y /My .

This relation has been found by performing measergm
of fuel consumption and average air flow rate fdifecent
openings of the needle valve. The measured datpleited as
values ofa vs. m; in the diagram of Fig. 4. These data turn

out to be well correlated by a linear regressiden aeported in
Fig. 4 together with the corresponding equation.isTh
correlation has been used in the subsequent expetamtests
to identify the operating condition of the pulsé-gso in terms
of air flow rate, on the basis of sole measuremaftsuel
consumption. Therefore, the connection between dévce
head and the settling chamber was finally remowasdequired
by the need of performing thrust measurements.

Finally, the plot in Fig. 4 shows the useful ramdeir/fuel
ratio for a regular combustor operation. It turos that outside
range 115<a <17 (the stoichiometric value for gasoline is
a £146) the combustion becomes irregular and tends to
extinguish.

Preliminary measurements of pipe wall temperatuesew
also performed to verify that the highest tempeeatuas below
the maximum permissible value for the pipe materidie
hottest points of the pipe inner wall were detedtethe initial
portion of the tail-pipe, where temperatures ove®°€ were
measured in spite of the strong cooling effecthef &ir flow
coming from the centrifugal fan. As these tempeegtare very
close to the limit of material resistance, it waxided to limit
the duration of each of the subsequent tests toirites at
most.

18

17

16

15

14

13

125 o =-6.66 ip+27.9

a
LML I B O B B A A Iy A B

11 | I | |
1.6 1.8 2 2.2 2.4 2.6
m [g/s]
Fig. 4 —Relation between air/fuel ratio and fuel
consumption.
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RESULTS

In order to obtain correct input data for the nucwr
simulation of the combustor, measurements of pipal w
temperatures and instantaneous flow velocity thindhg intake
ports of the device head have been performed irerakv
operating condition of the pulse-jet. Subsequentiygan
pressure and thrust cycles have been obtained iffaremt
air/fuel ratios by processing the signals recordienn the
pressure transducer, load cell and acceleromeieallys the
measured mean cycles have been compared with thputed
ones in order to validate the model.

Wall temperature measurements

Figure 5 shows the thermal transient of the pipeirwall
in the five measurement points far=12 (thermocouples are
numbered in increasing order from the pipe inletisa). It can
be observed that although steady conditions have yeb
reached after the maximum test time (about §2Ghe final
temperatures differ not much from their asymptottues. As
already mentioned, wall temperatures over @@fe reached
at the combustion chamber outlet (tc3) and taiepipet (tc4),
while the maximum temperatures of the combustioantter
wall (tcl and tc2) turn out to be smaller (from 40500C)
also due to the higher effectiveness of the cooliirgflow
coming from the head side. The coldest wall regsodetected
near the pipe outlet (tc5), where the influencehef air back
flow from the ambient could be important.

Figure 6 shows the dependence of the maximum wall
temperatures (after 12§ on the air/fuel ratio. For very rich
mixtures, 115 < g <13, the temperatures turn out to be almost
constant, while they decrease smoothly framr13 up to the
flammability limit for lean mixtures,a C17. Obviously, this
trend is the same as that of the combustion terhyes which
are known to reach their maximum values for slighich
mixtures.

700
i tc4
600 tc3
| tc2
5001
—_ L tcl
.8. 400+
|— L
3001
200 a =12
100 | | | | | | | |
0 20 40 60 80 100 120 140
t[s]

Fig. 5 —Thermal transient of the pipe walls in the
five measurement points.
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Fig. 6 —Maximum wall temperatures int he five
measurement points for different air/fuel ratios.

Measurements of intake air flow velocity

Signals from the hot-wire anemometer and the pressu
transducer mounted in the combustion chamber haen b
acquired simultaneously for one second (correspgndo
about 200 operating cycles of the pulse-jet) iresgvworking
conditions of the combustor. The data have beetygrosessed
to obtain the mean velocity and pressure cycles, rifative
phase of which was determined as the time-lag mtwbe
instant when the chamber pressure reaches the peris
value and the beginning of the intake period. Timse-lag
changes slightly around value 18 over the whole variation
range of the air/fuel ratio.

As an example, Fig. 7 shows the intake air veloaity
chamber pressure mean cycles in the casel6. The
secondary peaks observed in the velocity diagrawe teen
attributed to flow oscillations inside the devicead and,
therefore, they have not been considered in tlakénvelocity
distribution used as model input (dashed-line cumvJeig. 7).

From air velocityv(t) of a mean cycle, the instantaneous

air flow rate entering the device is simply compliés follows:

ma(t):%v@):a(m—f)mv@),

Whererh_a is the average air mass flow rate,is the mean air
velocity over the whole cyclem_f is the fuel consumption

measured during the teétis the cycle frequency and(m_f) is

computed from the correlation in Fig. 4. The disition of the
instantaneous mass flow rates of the fuel/air métto be used
as a model input, is finally computed as

n(t) = g (£)+ 1 () = iy ()4 Y ).

10
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Fig. 7 —Mean cycles of air velocity through an
intake port and chamber pressure for  a=16.

Pressure cycles in the pipe

Several operating conditions of the pulse combultue
been simulated by means of the proposed numericdehand
the computed pressure cycles have been comparéd that
experimental mean cycles obtained in the middle thoé
combustion chamber and tail-pipe (Btm and 350mm from
the inlet pipe section).

The application of the computational procedure iregu
the preliminary selection of suitable values of thee
parameters of the model, namely, the wall fricthoefficient,f,
in egs. (1), constantsand cg of heat transfer correlations (5)

and (7), coefficientsg; (combustion chamber) anck, (tail-
pipe) in eq. (15), and activation enerdy, of the overall

combustion kinetics in eq. (17). In spite of theganumber of
these tunable parameters, the calibration procediqeired a
moderate effort due to the marked effect of eaatarpater on
specific features of the simulated phenomena. Bostantsa
and cr reasonable variation ranges0.q35<a< 013,
06<cgr<16) are reported in the literature on internal
combustion engines [26][27]. The variations of thes
parameters result in substantial changes in theageegas
temperature and hence in the sound speeda Ard cy are
increased the combustion products become colderwive
propagation in the pipe slows down and the cycleode
increases. The separate calibration of these pagesne made
easier by the fact thatrefers only to the combustion chamber,
while cg affects the wall heat transfer in the whole pipe.

Constantscg; and cg, influence the TKE production rate and

hence the turbulent diffusion of species and hieabrder to
mimic the effects of the strongly three-dimensiohabulent

flow in the combustion chamber, very high valuescgf are
required, at least an order of magnitude largen tbg,. The
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main effect of increasingg, is to promote the simultaneous

combustion of larger quantities of fuel, which désun higher
peak values of combustion temperature and presshescycle
frequency is not sensibly affected by the variagiaf this
parameter. Changes @f, result in very weak effects as long

as its value is kept under few units. Activatioremy E,
strongly influences both the combustion intensitg éhe cycle
period. As E, is increased the ignition delay of the

combustible mixture is reduced and more fuel bumnshorter
time intervals. Consequently, higher temperaturemd (
pressures) are reached during combustion and thee wa
propagation through the hotter burnt gas is spedwlpch
contributes to shorten the cycle duration. A ratheide

variation range for Ea/ﬁ (from 16000 to 20000K) is

suggested in the literature on engine combustiodetivay [28].
Wall friction factorf exerts a significant effect on the intensity
of the mass oscillations inside the combustor piperactice,
its value influences the peak levels of positivel aregative
pressures generated as the gas in the combustambeh is
compressed by the backflow just before combustionito
expands according to the high speed outflow throtghtail-
pipe. Preliminary numerical tests showed that \‘ery values
of f are required in the case of direct flow ¥ 0), while a
friction factor of more than one order of magnitudeger has
to be used during backflowu(<0) in order to avoid
excessively large overpressures in the combustlmmber.
This is consistent with the high friction losseeda the strong
separation of the reverse flow at the pipe end i@ect
According to these observations it was decidedtimduce two

values of the wall friction coefficientf * and f ~, to be used
in the cases of direct and reverse flow, respdgtive

The tuning of the seven free parameters of the mwde
performed by comparing the computed and measuresspre
cycles in a single operating condition of the putsenbustor,
i.e., a =16, and the following optimal values were obtained:

a= 007, CR:O.S, CE1:34, Cgo =3,
E,/R=17000K , f*=0003, f~ = 005.

These values were kept unaltered in the simulatioall the
operating conditions of the pulse-jet.

For the properties of the perfect gas mixture, eslu
y=13 and R=287J/kgK were assumed, which are
reasonable for high temperature combustion produthe
length scale of the energy-containing eddies wasgeal to
the clearance between the flame holder and the @stion
chamber wall, namely. =13mm.

The combustor pipe was discretized in 200 compartati
intervals, Courant numbeCFL = 0.8 was used, and the initial
conditions for simulation were prescribed assumihgt, at
t =0, the combustion chamber contains still fuel/aixtonie at
ambient pressure and 10B60temperature. Starting from this
condition, the mixture ignites spontaneously giviige to an

11

unsteady evolution that results in an exactly phcoscillation
after 10-15 combustor cycles. To allow for a safeprgin, 20
complete cycles were simulated in every operatomgition of
the pulse-jet, which required a computational tiofieabout 5
minutes per run on a modern personal computer.

Figure 8 shows the comparison of computed and medsu
cycle frequencies for different air/fuel ratios. eTlagreement
between predicted and measured values appears gpite
considering the limited frequency range reportedhie plot.
The decreasing trend oif(a) is explained by the effect of the

air/fuel ratio on the combustion temperature andckeon the
sound speed in the pipe. As known, the highest €lam
temperature occurs for slightly rich mixtureg T )1&8nd it
decreases as the air/fuel ratio is increased. Thaew
propagation speed and hence the cycle frequentgwiahe
same path. Anyway, only a moderate variation offtegquency
(from 185 to 200HZ) is observed over the whole operating
range of the pulse combustor.

Figure 9 reports the predicted and measured messsore
cycles in the combustion chamber (on the left) tailebipe (on
the right) in five operating conditions of the mHet. The
arbitrary origin,t =0, of the time axis corresponds to the peak
pressure in the combustion chamber, and the relgihase of
the pressure in the tail-pipe is preserved on thsisbof the
computed cycles (the availability of a single wateoled
pressure transducer prevented simultaneous measoit®rin
the combustion chamber and tail-pipe to be perfd)m&he
pressure in the plots is the relative one, so that0 means

atmospheric pressure.

The results in Fig. 9 show a satisfactory agreement
between numerical and experimental data in the evhol
operating range of the pulse combustor, since skapplitude
and phase of the pressure waves in both combusktiamber
and tail-pipe appear to be well captured. Onlyadbmpression
wave preceding the pressure peak in the tail-pipe i
systematically underestimated, especially at lowes of a.

205,
- o experimental
200 @ ——+—— numerical
r © ®
— 1950 5
I
“= 190
i o
1850 °
1807\\ T T A T N Y A T Y A
12 13 14 15 16 17 18
a

Fig. 8 —Measured and predicted cycle frequencies
for different air/fuel ratios.
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It is observed that as the air/fuel ratio is inse=h pressure
traces become smoother, peak values slightly redince as
already discussed, cycle period increases. This\i@his due
again to the reduction in the combustion tempeeatind sound
speed at growingr, which result in the slowing down of the
wave propagation inside the pipe and a signifietgnuation

of the high-frequency details.

The numerical results allowed a detailed analysishe
pulse combustor cycle to be performed. Figure l@wshthe
computed pressure cycles in the combustion chamauertail-
pipe for @ =16. Specific events can be discussed as follows
with reference to the 12 time instants marked & upper side
of the plot.

1. Combustion has just finished and the gas temperagtur
about 150K everywhere. The burnt gas is still expanding
and the flow velocity in the tail-pipe ranges framout 400
m/s(at the inlet) to 200n/s(at the exhaust). The reed valve
opens about 0.8s after the chamber pressure has dropped
below the atmospheric value. A compression wavenéa
at the pipe outlet where the atmospheric presssgre i
enforced, is going up the tail-pipe.

. Fresh fuel /air mixture is entering the chambere Tlow
velocity has lowered everywherei,, 0200nys at the

tail-pipe inlet). The compression wave from theepijmttom

has just reached the measurement station of theipai.

The fresh mixture front penetrates the chamber. The
compression wave has reached the combustion chamber
where pressure begins to go up. A reverse flaw Q) has

just established in the tail-pipe.

Due to the backflow through the tail-pipe
(Umax 0-300nYs) new mass enters the chamber from

behind, which contributes to increase the presside it.
The gas temperature in the chamber varies ratheotsihy
from 300 to 160K as a consequence of the strong turbulent
diffusion at the fresh charge/burnt gas interfake.the

11123456789101112
0.8
- e
0.6 //
__ 04
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i \" comb. chambeér |
o6 — tail pipe
08 3 4 5 & 7 8
t [ms]
Fig. 10 — Computed pressure cycles for a=16 and
reference time instants.
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second half of the tail-pipe the temperature desgga
towards the bottom end from 1300 to 660 due to
comparatively cold gas entering the pipe from thtside.
The pressure in the combustion chamber has almost
recovered the atmospheric value, while the compmess
wave coming from the chamber has already reached th
measurement station of the tail-pipe. The backfi@ocity
in the tail-pipe has lowered everywhene.{;, 0-200 m/s
in the diverging end portion of the pipe).
Combustion begins in the second half of the chaméter
about 75mmfrom the pipe inlet section. At the same time
the compression wave at the tail-pipe measurentatios
reaches its maximum amplitudg, C -100m/severywhere.
Combustion proceeds backward through the chamber an
affects increasingly larger portions of fresh faglMmixture.
High heat release occurs and chamber pressure wisgs
quickly. Flow velocities are negligible everywhere.
The strong compression wave due to combustion has
reached the tail-pipe measurement station. Bursitoggins
to accelerate in the tail-pipe.
Combustion has moved to the initial portion of the
combustion chamber, where gas temperatures as dsgh
2300K are found. Pressure reaches its maximum values in
both combustion chamber and tail-pipe. The time-lag
between the pressure waves at the two statiorspisrantly
lost due to the cut-off of the pressure peak inttikpipe
caused by the flow acceleration in the duct. Fl@logities
of about 300n/sare reached at the pipe outlet.

10.A strong expansion of the burnt gas occurs in lobidamber
and tail-pipe. A maximum flow velocity of about 660sis
reached in the diverging end portion of the pipbere a
shock wave is formed.

11.Gas expansion continues and high flow velocitiesn(f 300
to 500 m/9 establish throughout the tail-pipe.
compression wave resulting from the attenuationthef
shock begins to go up the tail-pipe. Most of thelfair
mixture has been burnt and combustion is comiritstend.

12.The system has come back to the initial conditibhe
combustion has finished, the reed valve has reepand a
new intake process is taking place.

5.

6.

7.

8.

9.

A

Thrust cycles
The measurement of the instantaneous thrust ofse{pet

is known to be a difficult task, due to the dynamgsponse of
the mechanical structure to the pulsating excitafiorce. In
order to make this response negligible, so as ¢oonty a load
cell for thrust measurements, the slide conneateithe pulse-
jet was built as light and stiff as possible. Intepof this,
measurements showed that the lower natural frequehthe
whole system (pulse-jet and slide) was less thaigetwhe
excitation frequency, which prevented the dynarmeigponse of
the structure to be neglected. Therefore, instaatasm thrust
S(t) could only be obtained by performing simultaneous
measurements of load cell forégt) and structure acceleration

x(t), according to the dynamic equilibrium equation:
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S(t)= F(t)-malt),
where m=515kg is the mass of the whole system,

alt)=-x(t) is the signal from the accelerometer, and the

friction forces between the slide and its guide ehaeen
neglected.

The acquired signals turned out to be affected argel
amplitude components at frequencies of 180and higher.
These components did not appear to be correlatéuetthrust
dynamics, being probably associated with the reedvev
vibrations or the dynamic response of the slidaictiire.
Therefore, the resulting thrust signals were fdteiby using
forward and inverse FFT and a cut-off frequenc@@® Hz. In
this way the fundamental component at about 200aktt its
harmonics of significant amplitude remained unealter=inally,
filtered thrust was corrected by adding a constarge of 8N
(measured by the load cell with the pulse-jet dswétt off) due
to the contribution of the air flow from the codiifan.

As the predicted instantaneous thrust is conceriteid,
computed from the simulation results according tee t
momentum equation:

2 rL on
S(t):EJ.O : pPUAdX+ Lh%"‘ﬂe“%% +(pe - pa)Ab. (22)

The first and second terms in the right-hand sifleg (22)
represent the time-rate-of-change of the momentfitheogas
contained in the pipe (of length,) and of the fresh air/fuel

mixture in the device head (of length,), respectively. The

third term is the momentum flux through the pipel section,
while the last term represents the resultant predsuce acting
on the pulse-jet outer surface (it is differentnfraero only in
the case of reverse flow). The momentum flux thioule
intake ports is not included in eq. (22) because dhtering
flow is nearly perpendicular to the combustor axis.

In Fig. 11 the computed thrust cycles are compavitd
the measured mean cycles for different operatinglitons of
the pulse-jet. The agreement between the numemcal
experimental results is not so good as for thesurescycles,
the computed traces being much less regular tremtasured
ones. In particular, a secondary thrust wave, abserthe
experimental cycles, is predicted just before thainnpeak
(between about 2.5 and ms in Fig. 11). Furthermore, the
region of highest thrust exhibits high frequencgilkations that
are not observed in the measured mean cycles aed th
maximum values turn out to be underestimated inadks.

The secondary thrust wave occurs in the time peabd
backflow through the tail-pipe (between instanen8 6 in Fig.
10). A systematic analysis of the numerical ressiitswed that
the momentum flux entering the pipe end sectioringuthis
period (third term in eq. (22)) is correctly compated by a
decrease in the momentum of the pipe content (&rsb in eq.
(22)), so that no net contribution to the thrugprigvided by the
reverse flow, as it must be. Also the effects & second and
fourth terms in the right-hand side of eq. (22) eveleeply
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Fig. 11 — Computed and measured thrust cycles

for different air/fuel ratios.
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investigated, but they could not explain in any whae spurious
thrust oscillation. It was concluded that a slighthaccurate
prediction of the pressure and flow oscillationstire pipe
during the considered time period could be respbador the
observed behavior. In fact, even small variations the
amplitude and phase of the waves travelling throtgh pipe
were observed to produce significant effects ontiime-rate-
of-change of the pipe content momentum, which isnéegral
qguantity. On the other hand, also the pressureesyobmputed
in the tail-pipe (see Fig. 9) showed a systematic
underestimation of the amplitude of the pressureew@ming
from the combustion chamber at instant 6 in Fig. 10

The high frequency oscillations predicted in theakpe
region of the thrust cycle, which corresponds ®dhmbustion
period (interval 7-10 in Fig. 10), could be ascdbt® an
inherent limit of the one-dimensional model. In tfathe
simulated combustion proceeds layer-by-layer thinotige gas
contained in the chamber and it can be reasonadplgoted to
be less regular than the bulk combustion occurimgeal
burners. On the other hand, it cannot be exclutiad gignal
filtering is responsible for the removal of higheduency
components due to combustion, if any, from the messmean
cycles. Anyway, the systematic underestimation bk t
maximum values of the thrust makes the authordnied| to
believe that ignoring three-dimensional effectsytipalarly
during combustion, is the main reason for the amoutimits of
the present model.

Finally, Fig. 12 reports the predicted and experitak
values of the cycle mean thrus,, for different air/fuel ratios.
The trend appears to be well reproduced by the rioate
model, whereas the predicted values are 10-15%r|tvea the
measured ones. This underestimation is an

CONCLUSIONS

A robust and efficient numerical model has beersgmied
for the simulation of pulse combustors. It is basada second-
order accurate upwind scheme for the numericaltisolwf the
quasi-1D unsteady flow equations and on phenomegitab
sub-models of turbulence and combustion. The coatiout of
the combustion progress and the transport of regdpecies,
formation energy and turbulent kinetic energy haween
decoupled from the solution of the unsteady flowthie pipe,
which makes the model comparatively simple and af |
computational cost.

In order to validate the model, time-resolved meaments
of pressure and thrust were performed in severaratimg
conditions of a small scale pulse-jet. Sufficientigcurate
predictions were obtained of frequency, shape amglitude of
the pressure cycles in both combustion chambentahgipe.
Once tuned in a single operating condition of tbhenlsustor,
the model was able to provide satisfactory resiitsll the
other working conditions, so showing itself to berabust
computational tool for design purposes.

The agreement between predicted and measured thrust
cycles turned out to be less satisfactory. Thislmapartly due
to the lower reliability of the thrust measuremectsnpared to
the pressure ones, but the authors believe thantie reason
is in the inherent limits of a one-dimensional aggwh, which
cannot take into account the effects of the styprigree-
dimensional evolution in the combustion chambepadrticular,
it is argued that slight differences in the amgl@wand phase of
the pressure and velocity waves due to 3D effeots ret
sufficient to produce pressure cycles at fixed fioces that are
significantly different from the predicted ones.wver, they

obvious can strongly affect an integral quantity such astime-rate-of-

consequence of the differences between computed andchange of the momentum of the whole pipe contetichv

experimental cycles observed in Fig. 11 and cometkabove.
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Fig. 12 — Pulse -jet mean thrust in different
operating conditions.
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results in a scarcely accurate prediction of thetaintaneous
thrust. In spite of that, the trend of the cycleamehrust at
varying air/fuel ratios was reproduced quite welhich
confirms the model capability to capture the esakphysics
of the pulsating combustion.

Future developments of the present work include the
implementation of kinetic models of N@nd CO formation in
the pulse combustor and their experimental validati
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