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Abstract

This work is to numerically study combustion in silo combustor type of micro gas turbine engine
using different NGV-Ethanol fuelled modes. The simulation applied chemical equilibrium method where
the fuel mixture is specified by the way of its C-H-O-N values and curve-fit coefficients are employed to
simulate air and fuel data along with frozen composition. The study described performance parameters,
pressure and temperature profile data on the effect of mole ratio of the NGV-Ethanol-mixture (100:0,
90:10, 80:20, 70:30), equivalence ratio (0.6-1.0), pressure ratio (3.0-4.0), and engine speed (40000-
120000 RPM).In this study, the silo combustor was simulated on the variation of the ignition length
(premixed zone) 0.10, 0.15 m and burning length (primary zone) 0.10, 0.15 m. The calculated data is
then showed to plot the changing performances and pressure-temperature profile.

Keywords: NGV-Ethanol, equilibrium, Simulation, Thermodynamic Modeling and Olikara and Borman.

1. Introduction

The technology to generated power
from micro gas turbine engines is new technology
and compared with the piston engines of the
efficiency and cost-effective for production power.
The advantages of micro gas turbine engine are
smaller and more efficient, depending on the
purpose of the work (electric power and heat
power). Generally, it will be used as backup
power only. However, this technology is very
expensive. Determined from Claire [1], he found

that pay back periods and internal rate of return

(IRR) is not satisfactory in the size range of 30-
100 kWh as following lifetimes of the system,
when fossil fuel prices rise and demand. So, if
micro gas turbine is the common choice for co-
generation of heat and power from fossil fuel and
ethanol. Instead of the one fossil fuel micro gas
turbine engines may be used. These alternatives
promise a significant reduction of the cost and
Possibility of using alternate fuels.

This paper aims to develop a simple,
modified some empirical and accurate silo
combustor simulation model without the need as

great deal of computational power or knowledge
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of precise silo combustor geometrical data. So,
the model is based on the classical two-zone
approach on primary zone, wherein parameters
like heat transfer from the general combustion
chamber, blowby, energy loss and heat release
rate are also considered. The calculated data are
performance with respect to equivalence ratios,
pressure ratio, engine speed and pressure-
temperature profiles with respect to combustor
length respectively.
2. Modeling and analysis

2.1 The Mathematical of a Silo Combustor

The mathematical of a silo type gas
turbine combustor was applicable in the same
details for constant volume spark ignition engine
and is based on the thermodynamic analysis of
the ideal fuel-air cycle. The method is assumed
that the fuels and air are supplied from a perfect
system and mixed completely. From the first law
of thermodynamics, the open system can be
modified as following equations from Lefebvre

and Lefebvre [2] that shown in Fig 1.

DU = Q-W-(H)+ (Ha) (1)
Liner Hole
T 1
T | / :
> n
axltly .V, -
I R.Zw, -
Teomy I m, =, +, '\ N :

Premixer Primary Zone Dilution Zone
Fig 1 Constant volume for a silo combustor
This Eq.1 shows the change of internal

energy U of a system is equal to the difference

between the heat Q from fuels, work generated
by the systemw , heat loss H, and the enthalpy

H, of the air inlet passed the dilution holes which

applied to the constant volume. Taking the

derivative of Eq. 1 as the function of the length

L(x) Yyields as
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ar dm_dQ _dv_mcpl ~ mMaCpal 2
mcVdL+0‘/TdL dL F)dL v * v ) ()
Where mis the total mass of system rﬁ| is the

instantaneous leakage or blow-by rate and is

assumed to be always out of the linner, rﬁa is
mass rate of air inlet passed the dilution
holes, P is the average pressure,V is a constant
volume in the linner andvis average gases
velocity that assumed from relative engine speed
and turbulent flame front speed during
combustion.
2.2 Thermodynamic properties

The specific heat change as the function
of the length in equation (2) indicates the
enthalpy change with respect to temperature and
pressure, which was obtained from curve fitted
polynomial equation. Table 1 shows the
thermodynamics properties expressed as a
function of length, pressure and temperature.
Where, Lewis [4] has represented the
thermodynamic properties of fuels and air
Ferguson [3] proposed the thermodynamic

properties of air and combustion products.

Table 1 Thermodynamic properties

Internal energy, volume, entropy, enthalpy [3]

du_g  PvqlnvidT v, ginvEdp
P T qInTadL & 89InT  InP&dL
ﬂzvﬂlnvd_T_lﬂlnvdP

d. T YInTdL P9qInPdL

ds _aCpOdT v qinvdP &hd _

—_= e ) == —Cp
dL €T HdL TYINT dL §IT%

Fuels [4]
CFP: ag+ bgT + coT2

L aO+ET+C_0T2+d_0
RT 2 3 T

0

SF=a10|nT+ b0T+C70T2+e0

Air and Combustion product [4]
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%’= ag+ agT + agT 2+ a,T3 + acT?
LI aInT + 27,3872, 23,%74, 5%
RT 2 3 4 5 T

0

5= aqInT + T + §T2+ a_4_|_3+ $T4+ ay
R 3 4 4

In the primary zone, we consider the
temperature in the term of unburned (T1,) and
burnt mixture (1,) as separate open systems.
Recalling Eq.2 and combining all the derivatives
of thermodynamic properties will enable the
pressure and temperature to be expressed as a
function of length,

pressure, unburned gas

temperature and burned gas temperature.
gi %’dd%_ f1(L, P, Ty, Ty) (3)
Modified algorithm from Ferguson [3] as
following the arbitrary heat release conditions and
solving the above equations with appropriate
input data enable determination of the indicated
work, enthalpy and heat loss throughout the
system since indicated work, enthalpy and heat
loss can be expressed as a function of pressure

and temperature.
dP_A+B+C (4)
dL D+ E
2
- hmﬁ 4\/—1/2(1' T )
2 bE

aT, _ + b aaﬂlnvbAEA+ B+ Cd
d VMCpp X Cpp &1 InTb§ D+E &
hu hy gdx ) Cuy
s e
fon” , avly w2
- hg——+ —={1- Tu- T
di_ E 2 b Ei X )( u W)
dL vmepy (1- X) (6)

+ g’ﬂlnvu%A+ B+Co
cPu &Y InTug D+E &

From the derivatives of Eq. (4-6) let us

defined the constant term with respect to the
combination of the thermodynamic properties

equations are:

1,dv  VC

A= & 7
L@V, ve, ™)

dv VC QVb 1 |an 1/2 Tb T u

( ———— U

dr QC InT, Ti U
B=h pb b b u (8)

vm ¢vu 9 iny, (1_ XlIZ\Tb' TWH

%Pu 9InTy, / Th H
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TN ﬂlnvbh o (x- x)C{j 9
c (Vb vu)dL TInTy CPbTb \Y ﬁ ( )
¢
D:XQ vb atWlnvb— v_bﬂlnvby (10)
gcprbEﬂlnTbg PﬂInPlé
& u
E= (- x)¢ vu E"'ﬂlnvuf vu'ﬂlnvuu (11)
g:PUTU ﬂlnTug P ﬂlnPg

2.3 Chemical Equilibrium with the Fuel mixture.

The basis of the equilibrium combustion
products with fuel mixture model c,HgO,N; is a
solution to the atom balance equations from the
chemical reaction equation of fuel and air forming
and The subscript 7,2&3 represent the One of the
fuel, the fuel in the second and third respectively.
This mixture equation is given in Eq.12 for the
condition of equivalence ratio¢, where n; through
n; are mole fractions of the product species,
€ is the molar fuel-air ratio required to react with
one mole of air. This process based on the work

of modified Ferguson [3] as given below
ef (1- Cl)CulHﬁloleSI +

ef (Cl)(c 2Co2Hp20y 2N + CSCaSHB30y3N83) (12)
n1C02+ n2H20+ I"I3N2 + n402
® +n5CO+ ngHy + n7H+ ngO
2 +n90Hn10NO+ VllN

Where c,is the molar ratio of multi-fuel
having the condition (0<c;<1). cy,c3 are the fuel
in the second and third which having the
condition(c,+ c3=1). There is the conservation of
4 atoms, cHO and N from mixture equation, so

atom balancing can be written,

C ep(l— 1) od+ a2 +edy 03 = (¥, +Ys)N (13)

H  ep(l— 1)L+ edp x, B2+ edin 1. p3 (14)
= (2yz + ZY6 +Yy; + yg)N

O ed(l— x)yl+edy 2,y 2+edy, y,y3+0.42 ( 1 5)

:(2y1+y2+2y4+y5+yﬂ+y9+y10)N
N ep(l— x,)0L+ ey, x,0 2+ ey, y,03+1.58 (16)
=(2Y;+ Yy + Yi)N
Where, N is the total number of moles and y is
the mole fraction. Thus, the total number of mole

fraction must be equal to one and this gives:
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The expression for atom balance of each
equation can be eliminated by dividing Eq. 14-16
by equation 3. The equation can be written as
next equation.
2y, +2Yg + ¥y + Yo —[dy (¥, + ¥5)] =0 (18)
2y, + Y, +2Ya + Yo+ Y5 + Yo+ Yo —[do (= ¥)]=0  (19)

2y2 -+ Yo +y11_[d3(y1+y5)]:O (20)
0.42
(1 YL+ 24y, 4,3 e
QB mpn a3 T AR
(- n)al+ pp02tnz03 0 (- p)al+ 2502+ 1,03

(1= 2)o1+ zlzzé%zlzaé%%

1

d. =
DT )l 21,02 2,03

Egs (17-20) have 11  unknowns
(¥, ¥, Y5y, ), therefore in order to solve for these
11 unknowns other 7 more equations are needed
which may be derived from the consideration of
equilibrium among products. The equilibrium
constant can be related to the partial pressure of
the reactants and products. And the partial
pressure of a component is defined relative to the
total pressure and the mole faction, thus the
equilibrium constant can be rewritten as Table 2.

Table 2 The dissociation effect

1/2 /2
co,«<>co+to, K, —YYsi P
2 Yi
1 2
H, +EO2 <> H,O K, = W
1 y
=—H, +=0, «<>OH K, =—2
2 2 2 2 3 yz/Zyé/Z
PllZ
EHZ <> H K, = Y7 V]
Ys
l y P1/2
=0, <> 0O Ky = s
2 y4
l P1/2
=N, <> N Ke =21
2 y3
1 1 Yio
=0, +=N, <> NO K,=—7F32°2_
2 2 2 2 7 y1/2y1/2

Equilibrium constant in Table 3, K,
through k,are curve fitted Lewis [4] and their
expressions are of the from,

AQ,T  AaT® AaT® AaT* A
Kp=exp[Aa1(lnT—l)+TQ+ aé + 1"2 + 250 ae+Aaj (22)

Through algebraic manipulations, the ten

equations can be reduced into four equations with
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four unknowns. The equations are nonlinear and
solved by using the Newton method. Each of
these may be expanded in Taylor's series
fi(va.ya.¥5.¥6)=0 Where j=1234 (neglecting the

second order and higher order) as,

LTI [ 9t 9t
fi+ D +—Jpye+_—Jdpy=0 (23)
T T Tt Tl

Functions f;are evaluated from the
solution of interested functions (Eq.17 through
Eq.20) the independent set of derivatives is
obtained by solution of matrix equation that
results from differentiating with respect to mole
faction. The above can be arranged as set of
linear equations in the matrix form,

of,
i —[—f]=0 24
[Ei][Ay] [—f1] (24)

This set of linear equations can then be
solved for vys,va,v5,¥5 and iterative procedures
undertaken until the corrections are less than a
specified tolerance (§). For convenience, defining
following partial derivatives and defining the
constant values for a simple studied and the
Jacobian of solution are given as Table 3

Table 3 constant values,the Jacobian of solution

_0y,i=127,80910,11

"oy, j=3456
D -M 1o o ¥ oY o ¥ 16 o ¥ lay”
14 (»)yA 2 y1/2 24 — PyA 2 yilZ ' 84 ayA 2 y1/2 94 l?y4 2 yi/z

o, , o, _1cg, &, _ Ly
Dy ﬁ,qyy? D%:gfczyj’z, Dm:i’iw Dy = ﬁ 2 y1/42

6 6 6

S (N 5 7S N (N .5 /G G M
103 (’?yg 2 y;/Z 104 — ayA 2 yilz v 13 aya 2 y§/2
1f _ 1f2 _
v = 1+ Dioz+ D113 =0
Tys Tys
m—D:|_+D + 1+ + + D, &—ZD + D, d
Tya o D4 24 Dg4 + Dyo4 + Doy Ve 24+ Dgg - diDyg
1f 12

=Dp+1 =- D5~ dp
1ys 1ys
L IS D T2 b+ 2+ Dyg+ D

26 + 1+ Drg + Dgg 26 + 2+ D7g + Dgg

1ve 1ve
of. of
gz: Dios g‘;= 2+ D3 + Dy
ffy =2D,, + D,, + 2+ Dy, + Dy, + D, —d,D,, g;“ =Dy, —d;Dy,
Y, 4
e + =2Dy, +1-d,D;; —d, i:dles*d3
s s
of, of
“3 _D,-D 4 =
ay(} 2 % GYS

Eq.24 may be solved using by Gauss

elimination. The second approximation is then
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(), =y} +16), y=3456" The process of forming
the jacobian, solving Eq.24 and calculating new
values for {y is repeated until a stop criterion is
met, results in the molar concentrations of the 11
product species, as shown in paramust [5].

2.5 Model setup

The combustor specification is shown in Table 4.

Table 4 The specifications for Simulation

Total Mass Flow Rate 0.31 kg/s
Total Silo Combustor length (L) | 0.45 m

Silo Chamber diameter (D) 0.15m
Ignition length (premixedz, Lig) 0.10, 0.15 m.
Burning length (primary, Lb) 0.10, 0.15 m.
NGV-Ethanol fuel mode 100:0, 90:10,
by mole faction 80:20, 70:30
Equivalence Ratio ¢ 0.6-1.0
Pressure Ratio (Pin/Pambient) 3.0-4.0
Engine Speed (RPM) 40000-120000

L=0.45m.

————
"
| 'l A\ 1 1
M - n
T.m, : Liner Hole ‘e
— —
| 031kgls | 12
— T —=iZ
Teomi, I Premixer v Primary Zone Dilution Zone : }

—Lig=0.1:0.15 p» g— Lb =0.1:0.15 o gell] —p

A study of gases as models of internal

combustion engines is useful for qualitatively
illustrating some of the important parameters
influencing combustor performances, that is, the
work output W, from fuel-air cycle. In theoretical
of control volume, the combustor performances
can be calculated by meaning of the indicated
values which the following definitions are done by
the gas. That is thermal efficiency and the
indicated mean effective pressure.

Thermal Efficiency)

_ W [1+gF. (1 )]
gFa,(1-1)
The indicated mean effective pressure (IMEP)

IMEP = Wev [1+¢;/Fs (1_ f)] (30)

(29)
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Where, the stoichiometric fuel-air ratio by mass is
F,, residual fraction is f , available energy of fuel
isa (LHV), and V is the constant volume silo
combustor v =LD.
4. Results and Discussions

4.1 Effect of Equivalence ratio on performance
parameters

This simulation test was run at 40000
rom and pressure ratio 3.5. The silo combustor
specifications (Li;:L,) to be used as following
0.10:0.10, 0.10:0.15 and 0.15:0.10 while using
different equivalence ratio (f ) are 0.6, 0.7, 0.8,
0.9 and 1.0 respectively. The results indicate that
as the IMEP rises and thermal efficiency starts to
decrease exponentially as the equivalence ratio
increases. In case, a specification of 0.10:0.10
was chosen for the following simulation since
others gives a rather low performance. These are

showed in Fig. 2.
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Fig 2 Thermal efficiency, IMEP-Equivalence ratio

4.2 Effect of Pressure ratio on Performance
Parameters
This simulation test was run at 40000

rom and equivalence ratio 0.8. The silo

combustor specifications (Li:L,) to be used as
following 0.10:0.10, 0.10:0.15 and 0.15:0.10 while
using different pressure ratio (Pratio) are 3.00,
3.25,3.50,3.75 and 4.00 respectively. The results
indicate that as the IMEP rises and thermal
efficiency starts to increases exponentially as the
pressure ratio increases. In case, these |IEMP
curves are almost the same values of NGV-
ethanol fueled and 0.10:0.10 was chosen for high

performances. These are showed in Fig. 3.
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Fig 3 Thermal efficiency,IMEP-Pressure ratio
4.3 Effect of Engine Speed on Performance
Parameters

This  simulation test was run at
equivalence ratio 0.8 and pressure ratio 3.5. The
silo combustor specifications (L,4:L,) to be used
as following 0.10:0.10, 0.10:0.15 and 0.15:0.10
while using different engine speed (RPM) are
40000, 60000, 80000, 100000 and 120000
respectively. The results indicate that as the IMEP
and thermal efficiency starts to decrease
exponentially as the engine speed increases. In
case, these IEMP are almost the same values
and 0.10:0.10 was chosen for high performances

as showed in Fig. 4.
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Fig 4 Thermal efficiency,IMEP-Engine Speed
4.4 Effect of Equivalence ratio on pressure-
temperature profiles

This simulation test was run at engine
speed 40000 RPM and pressure ratio 3.5. The
silo combustor specifications (Li;:L;) to be used in
the simulation as following 0.10:0.10, 0.10:0.15
and 0.15:0.15 respectively. The results indicate
that as the equivalence ratio increases, pressures
and temperature gives the value that is not the
appropriate design predictions. These are low-
pressure and high temperature. These are

showed in Fig. 5.
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Fig 5 Pressure-Temperature-Equivalence Ratio
4.5 Effect of Pressure ratio on pressure-
temperature profiles

This  simulation test was run at
equivalence ratio 0.8 and engine speed 40000
RPM. The silo combustor specifications (L:L,) to
be used in the simulation as following 0.10:0.10,
0.10:0.15 and 0.15:0.15 respectively. The results
indicate that as the pressure rises as the
pressure ratio increases, but, temperatures are
almost the same values. In case, high pressure
ratio was chosen for the appropriate design

predictions. These are showed in Fig. 6.
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Fig 6 Pressure-Temperature-Pressure ratio
4.6 Effect of Engine speed on pressure-
temperature profiles

This simulation test was run at equivalence
ratio 0.8 and pressure 3.5. The silo combustor
specifications (Lg:L,) to be used in the simulation
as following 0.10:0.10, 0.10:0.15 and 0.15:0.15
respectively. In case, these pressures and
temperatures are almost the same values as
showed in Fig. 7. These results indicate that as
the engine speed does not affect to design

predictions of pressures and temperatures
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Fig 7 Pressure-Temperature-engine speed

5. Conclusion

The present work achieves its goal by
being a simple, fast and silo combustor model.
Based on the Olikara-Borman method [3,4], a
subroutine for equilibrium combustion [3,4]
product was developed and obtained. The results
obtained can be wused as a first-degree
approximation and is wuseful in numerous
engineering applications including general design
predictions and easily adapt to any combustion

chamber shape for a micro gas turbine. Due to its
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simplicity and computational efficiency, the model
can also be used as a preliminary test on a wide
range of alternate fuels.
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