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ABSTRACT

A numerical study on mixing of hydrogen injected into a supersonic air stream has been
performed by solving Two-Dimensional full Navier-Stokes equations and a zero-equation
algebraic turbulence model is used to calculate the eddy viscosity coefficient. The main
objectives of this study are to increase the mixin'g,r efficiency and the flame holding capability of

a supersonic combustor.

The mixing characteristics for several main flow (air) and side flow (injection of hydrogen) inlet
parameters have been studied. The performance of combustor has been investigated by varying
(1) the distance of injector position from left boundary (ii) the injector angle (iii) the air stream
angle and (iv) the Mach number of the injecting hydrogen. For varying injector distance the
results show that the configuration of small distance of injector position has high mixing
efficiency but is not good for flame holding capability. The configuration for very long distance
has lower mixing efficiency. The moderate distance of injector position can evolve large and

elongated upstream recirculation which might be activated as a good flame holder.

For varying injecting angle investigation showed that small (30% and large (120° & 150"
injecting angle have no significant upstream recirculation. Upstream recirculation is dominant
for injecting angle 60° and 90°. Perpendicular injection increases both the mixing efficiency and
flame holding capability. Small injecting angle and very large injecting angle have good flame

holding capability but not mixing efficiency.

For the variation of air stream angle, investigation showed that small angle (60"} increases the
mixing efficiency from injector position to downstream but in upstream mixing does not occur.
Airstream angle (120% has better mixing efficiency than (90%) but does not have good flame

holding capability.

Lastly the Mach number of the injecting hydrogen was changed as 0.7, 1.0 and 1.3. The Mach
number 1.3 increases both the mixing efficiency and flame holding capability. So injecting
hydrogen having Mach number 1.3 might act as a good flame holder and become efficient in

mixing.
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1.1 General

Mixing of hydrogen in supersonic airstream and their combustion are very important in
many engineering applications. Particularly, the fuel injection in both supersonic and
hypersonic streams requires special attention for efficient mixing and stable combustion.
Though a considerable number of researches have been carried out on mixing and
combustion of fuel with supersonic air stream, still it faces many unsolved problems. The
main problems that arise in this regard, concern mixing of reactants, ignition, flame holding,
and completion of combustion. More investigations are required to overcome these
problems. In fact, in supersonic combustion, high penetration and mixing of injectant with
main stream is difficult due to their short residence time in combustor. In an experimental
study, Brown et al. [I] showed that the spreading rate of a supersonic mixing layer
decreased drastically with increasing free stream Mach number. A similar conclusion was
drawn by Papamoschou et al. [2] on the basis of a theoretical analysis of shear-layers.
Furthermore, they showed that the reduction in spreading rate correlated most closely with
the convective Mach number, where convective Mach number is defined as the differential
velocity normalized by the speed of sound. An independent linear stability theory analysis of
Ragab et al. [3] reached the same conclusion. These investigations showed that difficulty
exists in achieving a high degree of mixing in high Mach number flows. Therefore, it is
necessary to mvestigate all the parameters that affect the mixing of hydrogen in supersonic

airstream.

There exist several methods of fuel injection in the supersonic air stream. Perpendicular
injection causes rapid mixing of injectant with main stream and is used to some degree at all
flight Mach numbers to promote mixing and reaction, particularly in upstream portion of the
combustor. Parallel injection is used when slow mixing process is desired, specially at lower

speeds of space vehicles during which perpendicular injection may cause too rapid mixing




and combustion, and hence thermally choking the flow. I studied (1) the effect of change of
injector position (ii) the effect of change of injecting angle (iii) the effect of change of air
stream angle and (iv) the effect of change of mach number of the injector on mixing of

hydrogen with air due to its wide application at the present stage.
1.2 Background

Both éxperimental and numerical investigations have been performed to analyze the mixing
and combustion characteristics, and find out the means of increasing the mixing efficiency.
In an experiment, Rogers [4] showed the effect of the ratio between jet dynamic pressure
and free stream dynamic pressure on the penetration and mixing of a sonic hydrogen jet
injected normal to a Mach 4 air stream. In similar flow arrangements, Kraemer et al. [5]
found that the relative change in jet momentum (product of gap width, jet static pressure and
injectants specific heat ratio) was directly proportional to the relative size between the
flowfield disturbance and the upstream separation distance. The downstream injectant
penetration height is directly proportional to the upstream separation distance, and, thus, the
downstream mixing is dependent on the relative change in jet momentum. Similar
conclusions were drawn by Holdeman [6] and Thayer 11 et al. [7]. Thayer 11 et al. [7] also
found that the injectant concentration of the separated region was high at all conditions
investigated. Heister et al. [8] conducted a calculation on the penetration and bow shock
shape of a non-reacting liquid jet injected transversely into a supersonic cross flow. Mass
and momentum balances were incorporated along the jet with and without the inclusion of
mass loss due to droplet shedding. The predicted bow shock position agreed with the data
and a correlation was obtained between mass loss, boundary layer thickness, recirculation

and related parameters.

Catalano et al. [9] reported the measurements and computations for the turbulent jet
discharging into a cross flow confined between two parallel plates. The authors concluded
that the jet trajectory and the existence of opposite wall impingement were strongly
dependent on the velocity ratio. Zakkay et al. [10] investigated experimentally the

Interactions of finite-span, transverse jet on a 7° cone with a Mach 5.8 stream. The authors



showed that along the plane of symmetry, the separated region upstream of the jet correlated
well with the quasi 2-dimensional experiments in terms of the jet penetration height as the
bastc scale length. Thayer III [11] performed an experiment showing that the jet interaction
flowfield depends markedly on the injectant molecular weight. About the effect of injectant
molecular weight on mixing and penetration of normal jet, Torrence [12] performed an
investigation and found that the decay of the maximum value of concentration with axial
position was a strong function of injectant molecular weight and the effect on vertical
penetration was small. The rate of decay in the far downstream of the injector was similar

for all injectants.

Rodriguez et al. [13] showed by his experiment that the mixing zones created by the shock
interaction with a discontinuous interface thickened due to turbulent diffusion and became
wider than the continuous interface after the second reshock. The separation phenomena of a
turbulent boundary layer ahead of a forward-facing were observed by Zukoshi [14] in an
experiment without injection. With secondary injection of a gas normal to a supersonic
stream, Zukoshi and Spaid [15] investigated the flowfield around the injection port, selected
the penetration height as a scaling parameter for correlation of the data. The correlation had
some lack of stmilarity with the observed pressure data in the laminar boundary layer
separation region and at the lower mach numbers in the reattachment region downstream of
the injector. Weidner et al. [16] conducted a parametric study using staged, perpendicular
fuel injectors. They studied the mixing of hydrogen by varying the distance between
injectors and the fuel split (percentage of fuel injected per injector). Another numerical
investigation on the mixing of side jet into a supersonic flow was performed by Takahashi et
al. [17]. The numerical results were compared against the published [16] experimental data,
noting that the adoption of higher-class model like a two-equation model was necessary for
better prediction. Considering different calculation parameters, a similar flow situation was

given by Spaid and Zukoshi {18] with an attempt to correlate the parameters.

Yokota et al. searched the enhancement of mixing by varying (i) the angle of a finite length
slit (when slit length is smaller than the width of computational domain) [19] and (ii) slit

aspect ratios [20]. Besides, Yokota et al. examined the effects of injection methods [21] and
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the existence of pressure wave in the flow with the injection [22] on mixing and total
pressure loss. Yoshida et al. [23] found out that the ignition of hydrogen injected
transversely into the supersonic air stream occurred in the upstream separated region, and
the bulk flame produced for downstream of the test section was not essential to the
supersonic combustion. Crabb et al. [24] provided an extensive review of earlier works and
reported the measurements of the velocity characteristics of a jet in crossflow encompassing
the entire mixing region. They confirmed the double vortex characteristics of the
downstream flow and demonstrated that it was associated with fluid emanating from the jet.
The injector position is another important factor for mixing and combustion. By the
numerical investigation of two-dimensional reacting Scramjet engine flowfields, Drummond
etal. [25] found that the insufficient penetration of hydrogen caused by locating the injector
6.0 em from the engine minimum cross section reduced the overall reaction in the upstream
-portion of combustor. They tried to move the injector further upstream (1.3-cm from the
engine minimum cross section) which made the engine thermally choked due to severe

disturbances produced by injector,

By applying Direct Simulation Monte Carlo (DSMC) method several investigations [26, 27]
can be found in literature where Nakae et al. [26] showed that the characteristics of the
mixing field agreed with other computed results and Obata et al. [27] found that raising the
temperature of the injected hydrogen not only contributed to rapid ignition but also
accelerated mixing and diffusion. A numerical study has been performed by Kumar et al.
(28] about the techniques for enhancement of turbulence, the ultimate goal of which was to
increase the mixing. They found that the wall-region disturbances propagate along the
shock, resulting in oscillating shock, which then enhanced turbulence in the main flow. The
effect of convective Mach number on the mixing in supersonic shear layer was observed by
Guirguis [29]. The result showed the enhancement of mixing when the convective Mach
number was reduced. Orth et al. [30] studied in details the interaction and penetration of a

supersonic side jet in supersonic external flow both experimentally and numerically. The

shape of the side jet was varied. The authors showed that the penetration could be increased.

by supersonic injection and was weakly affected by injection hole shape. -



In detailed experimental investigation on the near field (defined as the region of the flow
from the jet exit a distance of a few diameters downstream of this exit), Moussa et al. [31]
found that the geometric configuration of the boundaries of jet exit plays an important role
in the mixing and development process. Some characteristics on boundary layer and

turbulence in mixing field were investigated by Andrepoulos et al. [32] and Andreopoulos

In detailed study, several side flow and main flow inlet parameters were adopted to study the
mixing of hydrogen with supersonic air. Recirculation has an important role to enhance
mixing. Therefore, backward-facing step was used which can assist to.increase the
recirculation region in upstream of injector. The interaction between the main flow and
injector causes a bow shock in front of the injector. As an expectation, the bow shock
increases the temperature and pressure of the flowfield. However, behind the shock the
pressure decreases which causes expansion of injecting jet plume and increases penetration.
If the shock is steeper and produced at further upstream, there is a possibility for more
expansion of injecting jet plume, and higher penetration of injectant. In this study, both the
main flow and side flow inlet parameters were changed to see how they effect to increase

the mixing efficiency and flame holding capability.
1.3 Objectives

In this research attention has been made on the physics and mixing and found out the
enhancement of mixing efficiency by using different main flow and side flow inlet
parameters. Though, the researchers paid their attention to the injection method and shape of
injector exit to get higher mixing, no information is available about the effect of main flow
and side flow inlet parameters which I have done here. Most of investigations on mixing of
supersonic air stream with hydrogen have been conducted for mixing in non-reacting
flowfield. As I am interested to see the flowfield characteristics and mixing efficiency I also

conducted my study in non-reacting flowfield.



CHAPTER-II

FLOWFIELD MODEL OF SUPERSONIC MIXING

21 Governing Equations

The flowfield is governed by the unsteady, two-dimensional full Navier-Stokes and species
continuity equations. The body forces are neglected. With the conservation-law form, these

equations can be expressed by

oU  OF oG _oF, 4G,

RSl ik & (2.1)
&t ox  dy  ox | dy
Where
0 pu pu
pu pu’ +p puv
U=|pv |,F=|puv .G=|pvZip
E (E+pu (E+pv
PY; pYju PY;v
0 0
o, Ty,\
Fv= Tey , G, = o,
ou+7T,.V-q, Tt o, —q,
_mx - mx
ns ns R
p=ZpiRiT=ZpiWT, 2.2)
i=1 i=I 1



ns
E= Zp,h Zp,~—T+2(u +vl

ns ns
R
=3 p; CpiT—ZpikT+B(u2+v2) (2.3)
i=1 i1 Wi 2 L
Gy = A @'ﬁ'@ +2p[@j, Gy =% @4-@ +2HQ’
ox oy) ok ox o) T\
du  ov 2

TXy:TX}/_ (&-’-&-J ?\’:_TH (24)

Mass diffusion occurs whenever there exists a gradient in the proportions of the mixture, i.e.
a concentration gradient. Because of this gradient, there is a mass motion of species i in the
opposite direction. If the velocity of this mass motion is U, called the diffusion velocity, the
mass flux of species i is p;U;. This mass flux is given approximately by Fick’s law [34] as

m =p;Uj = —pDjy VY, (2.5)
Where r is the mixture density and Djy, is the molecular diffusion coefficient of species i for

diffusion into the mixture. The density of mixture is determined from

p= Zpi (2.6)

Due to heat conduction, the flux of energy
Qe =-kVT (2.7

And due to diffusion, energy flux of all species at the point,

ns
p=2.piUh; (2.8)
i~1



Therefore, the total energy flux (radiation is neglected),

ns .
q=-«kVT+ ) p; U;b; (2.9)
i—1

Considering the flowfield with gradients of temperature and mass fractions in x- and y-

directions, the total energy flux in x-direction can be obtained by Eq. (2.9) as

aT s
qxz—Kg+ijUihi (2.10)
-1

Where U;, is the component of diffusion velocity of species 1 in x-direction. From Eq. (2.5),
we can write
oY;

piUiX - _pDiml EXLL ‘ (2.1 1)

Combining Eq. (2.10) and (2.11}, we get

ar I aY;
Gy =—X——=—p> Dijp h; = (2.12)
ax i Ox o

Similarly, the total energy flux in y-direction
ns

*—Kg—pZD,mlh ay (2.13)

Moreover, from Eq. (2.5), we can write the mass flux of species i in x-direction caused by

diffusion as

aY; _
= —PDimi a’ (2.14)
and in y-direction
oY;
my =—pDipy Et | (2.15)

¢
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The specific heat and enthalpy of the mixture are determined from the following

expressions:
ns
Cp =Y, Cp (2.16)
i—1
ns
C=>Y;h; (2.17)
i-1

Where C,; and h; are the specific heat and enthalpy of the i-th species.

The values of C,; and h; are considered as functions of temperature and are determined from

the polynomial curve fitting developed by Moss [35]. They are as follows:

Cpi 2 3 4
—— =4y +a2iT+a3iT +a4iT -F-El5iT ) (218)
i
h; axT a3 T? ar4-T3 a5, T4 ag;
i —ap -2 4 37 f4i0 | 9si 4 260 (2.19)
R,T 2 3 4 5 T

Where a; to ag are constants for different species. The coefficients for these curve fits are
found in Table 2.1. Two sets of coefficients are available in the Table 2.1 of which one for

temperature range 0 ~ 1000 K, the other set for 1000 ~ 5000 K.
2.2 Calculation of Temperature

Temperature at various grid points is calculated by Newton-Raphson method. By
rearranging Eq. (2.3), a relation for temperature can be expressed as
ns ns R p 5 5
F(T)=Y p;h; ,-Zpiw'nz(u +v )mE ' (2.20)
i-1 i—1 i

Substituting the value of h; from Eq. (2.19), Eq. (2.20) can be written as

F(T)=bp + by T + byT? + by T+ by T*+ bsT" (2.21)



Where the coefficients are

ns ns ns
Pl 2. 2
bo=ZPiRi361+§(u +v )—E= by =Y piRiag - > piR;
i i

1 ns -l ns
b ZEZPiRiaZi bs :EZPiRiasi (2.22)
i1 i1
1 ns 1 ns
by :ZzpiRiatﬁ bs =§ZpiRiaSi
i i~

Differentiating Eq. (2.21) with respect to T, we get

F(T)=by +2b,T + 3b3T? + 4b, T3+ 5bsT* (2.23)
Then the temperature is calculated by the following equation:
F(To14)
Thew = Told =~ ——252 2.24
new old F’(de) ( )

The calculation of Eq. (2.24) is repeated until it fulfils the criterion for the temperature Tey.

The criterion for this calculation is |(Thew — Toig)| < 1.0.

2.3 Transport Coefficients

The transport properties; the viscosity coefficient u and thermal conductivity x of individual

species are determined from Sutherland formulae [36] as

1.5
B [l] Lio +5i (2.25)
Rio \ T T+8;

s ,
i _[ T ] Tig +8i (2.26)
Kip TiO T "'“S’i

Where S; and §'; are the Sutherland constants, while g, Tip and x;¢ are the reference values
of i-th species. These constants are taken from References 36 and 37 and are also tabulated
in Table 2.2. Once the viscosity coefficient and thermal conductivity of each species are
determined, the mixture viscosity and thermal conductivity are determined by Wilke’s

formula [36] and Wassiljewa’s equation [38], respectively as

10



zi {4 | 227
Uy = FII— (2.27)
Z ..
El i
i—l J
ns
- K (2.28)
! i 1 nsz—]
Y A7
2i jo 05
i—! j;tf
[1.0+ g W Wy 0-25]2 -
Where ¢ij = (M] L"]) ( ! ') JAjj = 1.065 ¢j, z, and z; are the mole

B+8w, /1w,

fractions of i-th and j-th species, respectively.

The molecular-binary-diffusion coefficient for i-th and j-th species, Dj; is determined from

the empirical formula given by Chapman-Cowling {36] as

i

0.5
W, + W,
0.002858T"5[—1—-—'—'J x107%
Wi

D; = . | (2.29)
PO’U QD

~0.145 2.0

Where Qp, = l} +(l+o.5j (2.30)
£i gi

0.5 '

Tyij = (Tei Toy ) (2.31)
1

o =5(0i o) 2.32)

T = absolute temperature (K)

p = pressure (atm).



Values of the effective temperature T, and effective collision diameter, o; of i-th species are
taken from References 36 and 38, are also tabulated in Table 2.2. Using the value of binary
diffusion coefficient, the effective molecular diffusion coefficient for each species is
determined by the following formula given in Reference 38 as

1-Z,
ns—1

lej/Dij
J:

j#i

Dy = (2.33)

2.4 Numerical Scheme

The system of governing equations has been solved, using an explicit Harten-Yee Non-
MUSCL Modified-flux-type TVD scheme [39]. The scheme is second order accurate in time
and space. The two-dimensional, rectangular physical coordinate system (x,y) is transformed
into the computational coordinate system (£,m) in order to solve the problem on uniform
grids. The details of the transformation procedure can be found in Reference 40. After
applying the transformation, Eq. (2.1) can be expressed as

?8%+?g+%:a;’+% (2.34)

Where U=J"'U

ﬁ:']_l fo'i'é:y Gl G:J—] (77IF+?7)’G) (235)
f*:’u=-f_l (é:x F, +§)»Gv) Gv:']” (’h FV+77_VGV)

The transformation Jacobian J and grid metric terms are

-1 _ — =

Ny =—JY€, T]y =—JX§

The time step for calculation is determined by



(= CFL
B 2 2.1/2 2 2.1/2
max{{Uf+[V|+a(g +£5)"'2 + ¢ 3+ %)

(2.37)

Where the Courant number CFL is chosen as 0.7 to obtain rapid convergence and avoid

unsteadiness in calculation. The contravariant velocities are

U=Egu+Ey v,  V=mgu+ny v (2.38)

2.5 Boundary Conditions and Convergence Criterion

A Navier-Stokes analysis imposes that the normal and tangential velocity components are

zero on the walls. The walls are assumed to be thermally adiabatic, so that (3T / an)w =0.

For non-catalytic walls, the normal derivative of species mass fraction also vanishes, and
consequently the gradient of total density becomes zero. The pressure 1s determined from
the equation of state. The temperature, pressure and density at inflow boundary are assumed
steady. At the outflow boundary the vartables are determined by first-order extrapolation
due to supersonic character of flow. Throughout the present study, the following

convergence criterion has been set on the variation of density:

. 2
"i" (P"PHJ
J=lK =l Poid <107 (2.39)

JJ KK

Where JJ and KK are the total numbers of nodes in the horizontal and vertical directions

respectively.
2.6  Use of Turbulence Model
Throughout the all investigation the backward -facing step makes the flowfield turbulent at

the present Mach number. Particularly, the recirculations in both upstream and downstream

of injector, shocks and expansion of both main stream and side jet leads us to use a




turbulence model. Therefore, to calculate eddy viscosity we selected the zero equation

turbulence model.
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CHAPTER-III

RESULTS AND DISCUSSION

31 Introduction

A numerical study on mixing of hydrogen injected into a supersonic air stream has been
performed by solving Two-Dimensional full Navier-Stokes equations. An explicit Harten-
Yee Non-MUSCL Modified-flux-type TVD scheme has been used to solve the system of
equations, and a zero-equation algebraic turbulence model to calculate the eddy viscosity
coefficient. The main objective of this study is to increase the mixing efficiency and the
flame holding capability of a supersonic combustor. The performance of combustor has been
investigated by varying (i) the distance of injector position from left boundary (ii) the
njector angle (iii) the air stream angle and (iv) the Mach number of the injector through

which hydrogen is entering. The results are discussed in the section 3.3.
3.2 Flow Field Description and Numerical Parameter .

The geometric configuration of the calculation domain and the inlet conditions of main and
injecting flows are shown in Fig. 3.1(a~d). In all cases, the left boundary of domain consists
of a backward facing step of height 5 mm, a main flow inlet of height 1.35-cm and a solid
wall of height 3.6-cm. The backward facing step of 5 mm was used because it \‘vas found
most efficient in mixing investigated by Al et al [41]. In the present study the variable
parameters are injector distance, injecting angle, air stream angle and Mach number of the
injecting hydrogen. All the numerical values of the variable parameters are tabulated in the
table 3.1. The inlet conditions of air are used as Weidner et al [16] except the Mach number
as shown in Fig 3.1(a~d). The Mach 5.0 was chosen for the main flow as the test program
has been conducted over the flight Mach number range (42] from 3.0 to 7.0. The inlet widths
of air and side jet are used as Ali et al [43], which showed good performance on mixing.
Through out the study, the grid system consists of 194 nodes in the longitudinal direction

and 121 in the transverse direction. The grid system of the calculation flowfield is shown in



Fig.3.1 (e). Results of four varying parameters are to be analyzed and discussed under the
following contexts; (i) the physics of fluid dynamics in both upstream and downstream of
the injector (ii) penetration and mixing of hydrogen under the variation of these parameters

and (iii) the characteristics of the flow field.
3.3 Effect of Injector Distance
3.3.1 The Physics of Fluid Dynamics

The physics of flow is important to understand the penetration and mixing of hydrogen
which is the special interest of this study. Figures 3.2(a~e) show the velocity vector in both
upstream and downstream of injector. Strong interaction is occurring between the main and
injecting flows in Case 1 shown in Fig. 3.2(a). The strength of interaction can be understood
from the slope of vectors at the top of injector. For long distance of injector position both
main and injecting flows lose their strength due to viscous action and upstream
recirculations, Due to small space in upstream, two very small recirculations (one is primary
and the other is secondary) exist. With the increase in distance of injector the recirculations
are increasing in areas and the primary one expands towards the left though the pattern of
expansion is different. In Case 2, recirculations are not strong and the upstream region is
seemed to be stagnant, where as Cases 3 ~ 5 have strong recirculations due to wide space in
upstream. In downstream two features are to be mentioned:; (1) no strong recirculation exists
in any case, and (ii) for small distance of injector, the injecting jet is bent sharply into
downward direction caused by strong interaction between main and injecting flows. Another
observation is that with the increase in distance of Injector position, the expansion of
injecting jet plume increases. This is caused by the loss of strength of main flow and early

separation of boundary layer.
3.3.2  Penetration and Mixing of Hydrogen

Figures 3.3(a~e) show the penetration and mass concentration of hydrogen in the flow field.

There are various definitions of “penetration” in literature. In this paper the term
p pap



“penetration” is referred to the edge of mixing region in the vertical direction where the
mole fraction of hydrogen is 5%. Accordingly the Fig. 3.3 shows that there is little
difference in penetration at both upstream and downstream of the configurations. Two
competing phenomena are activated in this regard; (i) due to strong interaction in small
distance of injector, high gradient of hydrogen mass concentration exists causing high
penetration of hydrogen, and (ii) in longer distance of injector, large and elongated upstream
recirculation causes high penetration dominated by convection of recirculation. The mass
concentration of hydrogen in upstream and that in downstream can be explained separately,
For small distance of injector, most of the upstream region contains high concentration of
hydrogen. 1t can be pointed out that the flame holding requires Jonger residence time of
flame in the burning range and this residence time strongly depends on the geometric
expansion of the recirculation zone [44]. Also the equivalence ratio of fuel and oxidizer in
mixture is an important factor for bumning because among the mixture, the stoichiometric
strength is good for combustion. Therefore, longer recirculation zone containing
stoichiometric mixture strength results in a longer residence time and leads to a more stable
flame. Accordingly, Case 1 does not have a good flame holding capability. The Cases
having injector distance d = 20 and 30 mm can produce larger and elongated upstream
recirculation where most of the region contains good proportion of hydrogen and oxygen
(mole fraction is about 0.4~0.7) exists. Again in cases having d = 40 and 50 mm, far
upstream (d = 0~17.5 mm) contains lower mass concentration of hydrogen which is not
good for flame holding. In far downstream the hydrogen distribution is seemed to be better
(more uniform) in Cases 3 ~ 5 than that in Cases I ~ 2. This uniform distribution of

hydrogen is caused by higher expansion of side jet.

Again in cases having d = 40 and 50 mm, far upstream (d = 0~17.5 mm) contains lower
mass concentration of hydrogen which is not good for flame holding. In far downstream the
hydrogen distribution is seemed to be better (more uniform) in Cases 3 ~ 5 than that in
Cases 1 ~ 2. This uniform distribution of hydrogen is caused by higher expansion of side jet.
However, the uniform distribution does not mean higher mixing efficiency, which will be

discussed later. The performance of different cases is evaluated by calculating mixing



efficiency. Figure 3.4 shows mixing efficiency along the length of physical model for
different Cases.

Mathematically, the mixing efficiency is defined by

~ A = arbitrary section plane

Sy = local mass fraction of hydrogen

= total density

>
[

i = velocity vector

dA = small area normal to velocity vector

e total mass flux of hydrogen

, . . 025 ¢ <025

¢’ = local equivalence ratio = :
o ¢ 2 0.25
. . 025 ®<025

@ = global equivalence ratio ={ )
0} O =025

In the flow field where large amount of hydrogen is present with negligible amount of
oxygen, the calculation of mixing efficiency is avoided by dividing the large value of ¢". On
the other hand, where a very small amount of hiydrogen is present, an error in calculation of
mixing efficiency can be occurred by the small value of ¢'. This etror has been eliminated
by setting the minimum value of ¢’ = 0.25 which corresponds to the lower flammability
limit. It can be pointed out that similar expression for mixing efficiency was used by Yokota
et al. [19~20]. In this investigation, the global equivalence ratio for all cases is @ = 2,
Figure 3.4 shows that mixing efficiency increases very sharply at injector position of
respective cases. Generally, in upstream region, the increasing of mixing is moderate and in
downstream it is very slow. Individually, Case 1 has the highest increment of mixing
efficiency (31%) at injector position due to strong interaction of main and injecting flows as

discussed carlier. Besides, Case 1 shows that in upstream the overall mixing efficiency is
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lower (about 15%) than the other cases, and in downstream the mixing rate along the length
of physical model is slower than Case 2 and considerably equal with the other cases. In
upstream the same increment of mixing efficiency can be found in Cases 2 ~ 5. This
tendency indicates that the longer distance of injector position other than Case 2 might
increase the cost for construction of combustor provided the other parameters are identical.
The mixing efficiency of Case 2 is higher than that of Cases 3 ~ 5 on the top of injector. In
downstream, the increasing rate of mixing is slower for all cases caused by the supersonic
nature of flow. However, among the cases investigated, Case 2 has the maximum increasing
rate of mixing in downstream. This increasing rate of mixing can be understood by Fig.3.5,
which shows the diffusion of hydrogen along the vertical axis at a distance 80 mm from left
wall. From this figure we see that Case 2 has the maximum hydrogen diffusion(0.37 kg/m’s)
which indicates higher mixing rate in downstream. With the increase of injector distance
from d = 10 ~ 20 mm, diffusion increases and then decreases for further increase of d. This
is quite expected, because for small value of d, the pressure in downstream increases due to
earlier reattachment shock which eventually causes the decrease of diffusion. On the other
hand, for higher value of d, the injecting jet plume expands more causing lower mass

concentration of hydrogen and eventually diffusion decreases.
3.3.3 Characteristics of the Flow Field

The characteristics of the flow field are shown in F igs. 3.6 and 3.7(a~¢) and 3.8(a~e¢). Figure
3.6 shows the pressure distribution along the axis at 80 mm from left wall. For small value
of d, the high momentum of main flow causes the side jet to bend downward, resulting in the
formation of compression shock and higher pressure in far downstream, With the increase of
d, the compression shock becomes weaker and the pressure decreases. Opposite trend of
pressure distribution can be found in upper part of the flow field as shown in Fig. 3.6. Other
characteristic phenomena such as separation shock bow shock, Mach disk, reattachment
shock can be seen in Figs. 3.7(a~¢) and 3.8(a~¢). Figure 3.7 shows the pressure contours by
which the pressure distribution and different shocks of other cases can be understood. Flow
separation is initiated by the backward-facing step at left boundary. The main flow is

deflected upward by the existence of wall at the upper part of the left boundary. The



deflection angle decreases with the increase of injector distance caused by weak interaction.
The under expanded side jet rapidly expands and forms a Mach disk and a bow shock due to
the interaction with main flow. The size of Mach disk increases with the increase of injector
distance ‘d’ caused by higher expansion of side jet. The Maximum pressure in the flow field
rises about 2.3x10° Pa immediately behind the intersection of separation shock and bow
shock, where as the temperature rises about 2280 K at the same position. In the downstream
region the reattachment shock is more visible in the pressure contour of Fi g. 7. The pressure
1s higher in the upstream recirculation region while it is much lower immediately behind the

injector caused by the suction of injection.
3.4  Effect of Injecting angle
3.4.1 The Physics of Fluid Dynamics

Figures 3.9 (a~e) show the velocity vector in both upstream and downstream of injector. In
upstream there is a pair of large and small recirculation. For case-6 the recirculations are not
dominant. With the increase of injector angle the recirculations are observed clearly (case-7
~8) and again for further increase of injector angle (case-9~10) they are not significant. The
large primary clockwise recirculation is caused by the backward facing step and the
secondary small counter clockwise recirculation close to injector is caused by the primary
recirculation and the suction of injection. The primary recirculation increases the boundary
layer thickness and therefore the injection into a thick boundary layer creates greater
penetration, resulting in higher mixing. Due to the interaction between main flow and side
jet, the velocity of the main flow is slowed down and air enters the upstream recirculation,
On the other hand by diffusion and convection due to injection, the injected hydrogen enters
the rectrculation and mixes well with air. So upstream recirculations play a vital role on
mixing and consequently case-8 and 9 show better mixing. In down stream there is no strong
recirculation in any case. Case 8 shows a very small recirculation in the downstream of
injector caused by the suction of the injection and bending of the side jet. This recirculation
and convection due to injection immediately downstream of the injector cause better mixing

in case 8.
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3.4.2 Penetration and Mixing of Hydrogen

Figures 3.10 (a~e) show the penetration and mass concentration of hydrogen in the flow
field. The difinition of “penetration” is given earlier. Penetration and mixing of hydrogen in
a numerical simulation can occur by means of (1) turbulence and convection due to
recirculation and velocity of the flow (ii) molecular diffusion. For all cases {(case 6 ~ 10) the
mole fraction contours of hydrogen are concentrated in a narrow region on the top of the
injector, as shown in figure 3.10 (a~e), which might became a high heat release zone in the
reacting flowfield. The backward facing step associated with upstream recirculation brings
the injectd hydrogen up to the lefi boundary in all cases. The hydrogen penetation height at
different downstream locations can also be compared from Fig 3.10 {a~e). As for example at
10 cm from left boundary the penetration height is upto 2 cm in case 6 where as it is 2.5 cm
for case 7 and above 3 cm for case 8 and 9. The penetration height of the hydrogen is more
for case-8 and 9 (above 0.03m) indicating more uniform distribution of hydrogen and
consequently higher mixing efficiency. Recalling the Fig. 3.9 it can be pointed out that the
flame holding requires longer residence time of flame in the burning range and this
residence time strongly depends on the geometric expasion of the recirculation zone [44] as
stated carlier. Also the equivalence ratio of fuel and oxidizer in mixture is an mportant
factor for burning because among the mixture, the stoichiometric strength 1s good for
combustion. Therefore, longer recirculation zone containing stoichiometric mixture strength
results in a longer residence time and leads to a more stable flame. Accordingly case-8
(8=90°) and 9 (8=120°) have good flame holding capability, because they can produce larger
and elongated upstream recirculation where most of the region contains good proportion of

hydrogen and oxygen exists.

Again in cases having 6 = 30” and 150° upstream region contains lower mass cencentration
of hydrogen which is not good for flame holding. In downstream hydrogen distribution is
seemed to be better in case 8~9 as mentiond earlier because of higher exparision of side jet.
Figure 3.11 shows the mixing efficiency along the length of physical model for different
cases (case 6~10). Mathematically, the mixing efficiency is defined earlier. Physically

mixing efficiency indicates the ratio of hydrogen mass flow rate capable of burning to its
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total mass flow rate at the exit of side jet. Figure 3.11 shows that mixing efficiency increases
sharply at injector position of respective cases. Generally, in upstream region, the increasing
of mixing is moderate and in downstream it is very slow. Individually, case 8 (8=90°) and 9
(0=120%) have the highest increment of mixing efficiency (28%) at injector position due to
strong upstream recirculation. In downstream the increasing rate of mixing along the length
of physical model for case 8 (8=90° is higher than case 9 (6=120°) whereas for case 10
(8=150°) it remains almost constant which indicates that for case 10, the larger combustor
might ncrease the cost of construction of combustor provided the other parameters are
identical. So case 8 (0=90°) has the maximum increasing rate of mixing in downstream. This
_ Increasing rate of mixing can be understood by figure 3.12 which shows the diffusion of
hydrogen along the vertical axis at a distance 80 mm from left wall. From this figure we can
see that case 8 (0=90°) has the maximum hydrogen diffusion (0.27 kg/m2s) which indicates

higher mixing rate in downstream that we have seen in figure 3.11.
3.43 Characteristics of the Flow Field

The characteristics of the flow field are shown in figs. 3.13, 3.14 (a~e) and 3.15 (a~e).
Figure 3.13 shows the pressure distribution along the axis at 80 mm from left wall. For case-
8 (8=90") the pressure in the downstream is relatively lower at upper part of the flow field.
As diffusion of hydrogen is inversely proportional with pressure distribution so lower value
of pressure indicates higher diffusion at downstream and higher diffusion means greater
mixing rate in the downstream. Other characteristic phenomena such as seperation shock,
bow shock, Mach disk, reattachment shock can be seen in figure 3.14 (a~¢) and 3.15 (a~e).
Figure 3.14 (a~e) shows the pressue contours by which the pressure distribution and
different shocks can be understood. Flow seperation is initiated by the backward facing step
at left boundary. The main flow is deflected upward by the exsistance of wall at the upper
part of the left boundary. The deflection angle frist increases with the increase of injecting
angle and then decreases for further increase of mjecting angle. The deflection angle is
maximum for case-8 (6=90°) caused by strong interaction. The under expanded side jet
rapidly expands and forms a Mach disk and a bow shock due to the interaction with main

flow. The size of the Mach disk increases with the increase of injecting angle first and then
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decrease for higher injecting angle (case-9 and 10). This increasing Mach disk is caused by
higher expansion of side jet. For the injecting angle 6=90° the slope of the bow shock is
steaper indicating high iteraction between the main and side Jet. Due to strong iteraction
high gradient of mass concentration exist and this indicates more uniform mixing. The
maximum pressure and temperature in the flow field rises immediately behind the inter
section of seperation shock and bow shock. In the downstream region the reattachemnt
shock is more visible in the pressure contour of figure 3.14 (a~e¢). The reattachemnt shock
starts more or less at the same point for all cases (case 6~10). The pressure is higher in the
upstream recirculation region while it is much lower immediately behind the injector caused
by the suction of injection. Figure 3.15 (a~e) shows the temperature contours of cases
(6~10). Among the all cases the maximum temperature rises in case 8 (about 2430 K)
immediately behind the intersection of seperation shock and bow shock.It is also clear from
the Fig. 3.15 that the interaction between the main and the side flow is maximum in case 8.
Other characteristics such as seperation shock and Mach disk can also be understood from

the Fig. 3.15.
3.5  Effect of Airstream Angle
3.5.1 The Physics of Fluid Dynamics

Figures 3.16 (a~c) show the velocity vector in both upstream and downstream of injector.
For case-11 (y=60°) the free air stream strike the wall near injector with a high momentum.
At the region of striking there is a very strong interaction between the main flow and the
side jet and the flow is deflected at an angle more than 60° in the upward direction. Due to
the high momentum of the main flow at mixing region there is no upstream recirculation of
main jet. For case 12 (y=90") two upstream recirculation exists. One is j:)rimary clockwise
recirculation caused by the backward facing step and the other is secondary anticlockwise
recirculation caused by primary recirculation and suction of injection. For case 13 (y=120%
the airstream angle is 120° so the interaction between the main flow and injecting hydrogen
is very weak. There is no upstream recirculation for this case as the main flow deflected

upward after weak interaction with the side jet flow. In downstream there is no recirculation



in any case. Another observation is that for case 12 (y=90°) the injecting jet plume expand
caused by the early separation of boundary layer which incease the thickness of the boudary

layer.
3.5.2 Penetration and Mixing of Hydrogen

Figures 3.17 (a~c) show the penetration and mass concentration of hydrogen in the flow
field. Figure 3.17 (a~c) shows that there is a difference in benetration at both upstream and
downstream of the configurations. It is pointed out earlier that recirculation plays a key role

for penetration of Hydroden in upstream of the injector. For case-11 (y=60°) we see that

there is no hydrogen in upstream of the injector because a high momentum main flow strikes

the wall near the injector results in high interaction at that region. It is then deflected away at
an angle more than 60% so at 30mm from the left boundary the mixing of main flow and
side jet is maximum. But in upstream region of the injector there is no hydrogen. We know
that recirculation is an important factor for mixing of hydrogen with air in upstream region
and as there is no recirculation so no mixing of hydrogen and air in upstream of the injector
which is clear from figure 3.17(a). Due to primary and secondary upstream recirculations
figure 3.17(b) indicates that there is good mixing between air and hydrogen upstream of the
injector. Again we know that the flame holding requires longer residence time of flame in
the burning range and this residence time strongly depends on the geometric expansion of
the recirculation zone [44]. Also the equivalance ratio of fuel and oxidizer in mixture 1s an
important factor for burning because among the mixture, the stoichiometric strength is good
for combustion. Therefore longer recirculation zone containing stoichiometric mixture
strength results in a longer residence time and leads for a more stable flame. Accordingly
case 12 (y=90°) has a good flame holding capability because if can produce larger and
elongated upstream recirculation where most of the region contains good propertion of

hydrogen and oxygen.

Figure 3.18 shows mixing efficiency along the length of physical model for different cases
(case 11~13). The mass flow rate of hydrogen remains constant so the global equivalence

ratio for all cases (case 11~13) is taken as ¢=2. Figure 3.18 shows that mixing efficiency
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increases sharply at injector position of respective cases. Generally in upstream region the
increasing rate of mixing is moderate and in downstream it is very slow. Individullay case
11 (y=60") has the highest increment of mixing efficiency at injector postion due to large
gradient of mass concentration. But the mixing efficiency up to 0.03 m [from left boudnary]
is zero for case 11 (w=60°).Because of high momentum of flow of air stream there is no
hydrogen upstream of the injector which makes the mixing efficiency zero. For case 13
(y=120") the mixing efficiency in downstream of injector is not increasing (about 36%)
indicating longer length of combustor might increase the cost for construction of combustor.
In downstream, the increasing rate of mixing is slower for all cases caused by the supersonic
nature of flow. However, among the cases investigated, case 11 (y=60°) has the maximum
increasig rate of mixing in downstream but as in upstream mixing efficiency is zero, so the

overall mixing effeciency is lower than case 12 (w=90") and the mixig is also not uniform.

The increasing rate of mixing can be understood by figure 3.19 which shows the diffusion of
hydrogen along the vertical axis at a distance 80 mm from left wall. From this figure we see
that case 12 (y=90°) has the maximum hydrogen diffusion (0.27 kg/m®s) which indicates

higher mixing rate in downstream.
3.5.3 Charactersitics of the Flow Field

The characteristics of the flow field are shown in figures 3.20, 3.21 (a~c) and 3.22 (a~c)
figure 3.20 shows the pressure distribution along the axis at 80 mm from left wall which
indicates that in downstream at 80 mm from left wall and 20 mm from bottom wall the .
pressure for case 12 (y=90) is .moderately low indicating higher diffusion in downstream.
Characteristic phenomenon such as separation shock, bow shock, Mach disk, reattachment
shock can be seen in figure 3.21 (a~c) and 3.22 (a~c). Figure 3.21 (a~c) shows the pressure
contours by which the pressure distribution and different shocks can be understood. For case
12 flow seperation is initiated by the backward facing step at left boundary and the main
flow is deflected upward by the existence of wall at the upper part of the left boudnary. But
for case 11 (w=60") due to high momentum of flow,after striking the wall the flow is

deflected in the upward direction. Mach disk is also prominent in case 12 because of the
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rapid expansion of the side jet. The maximum pressure and temperature are obtained
immediately behind the intersection of seperation shock and bow shock All the
characteristics phenomenon such as seperation shock and bow shock are also clear from
Fig.3.22 (a~c). From the Fig.3.22(a~c) we see that the maximum temperature rises in cases

11, 12 and 13 are 2375 K, 2430 K and 2525 K, respectively.
3.6 Effect of Mach No. of the Injecting Hydrogen
3.6.1 The Physics of Fluid Dynamics

The physics of flow is very important to understand the penetration and mixing of hydrogen
with air stream. Figure 3.23 (a~c) shows the velocity vector in both upstream and
downstream of injector for varying Mach number (0.7, 1, 1.3) of the injector. Strong
interation is occuring between the main and injecting flow in casel6 (Mach No. 1.3) shown
in figure 3.23 (c). By seeing the slope of vectors just at the top of injetor the strength of
interaction can be understood. For all cases (case-14~16) in upstream there are two
recirculations. One is primary caused by the backward facin g step and the other is secondary
due to primary recirculation and suction of injection. As it mentioned earlier that upstream
recirculation plays an important role in mixing of hydrogen with air so better mixing is
obtained in upstream for Mach No. 1.3. With the increase in Mach number of the injecting
hydrogen the recirculations are increasing in areas and the primary one expands towards left
and for case 16 (Mach No. 1.3) it touches the left boundary. In downsteam two features are
to be mentioned; (i) no strong recirculation exists in any case, and (i1) for large Mach No.
(case-16) the injecting jet is bent sharply into upward direction caused by strong interaction

between main and injecting flows.
3.6.2  Penetration and Mixing of Hydrogen
Figures 3.24 (a~c) show the penetration and mass concentration of hydrogen in the flow

field. Accordingly the figure 3.24 shows that there is difference in penetration at both

upstream and downstream. For high Mach No. (case~16) large and elongated upstream
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recirculation causes high prenetration dominated by convection of recirculation. At the same
time due to strong interaction high gradient of hydrogen mass concentration exists causing
high penetration of hydrogen. The mass concentration of hydrogen in upstream and
downstream can be explained separately. Due to primary and secondary recirculations most
of the upstream region contains high concentration of hydrogen for all cases (case 14~16).
" In downstream due to strong interaction for case 16 (Mach No. 1.3) the inejcting jet bent
more in upward direction results in more penetration height of hydrogen (above 0.04m) in
downstream indicating more uniform distribution of hydrogen Again the flame holding
requires longer residence time of flame in the burning range and this residence time strongly
depends on the geometric expansion of the recirculation zone [44]. Also the equivalance
ratio of fuel and oxidizer in mixture is an important factor for burning. Therefore longer
recirculation zone containing stoichiometric mixture strength results in a longer residence
time and leads to a more stable flame. Accordingly case 16 (Mach No. 1.3) has the good
flame holding capability because it can produce larger and elongated upstream recirculation
where most of the region contains good proportion of hydrogen and oxygen. In far
downstream the hydrogen distribution is seemed to be better (1110re uniform) in case 16
(Mach No. 1.3). This uniform distribution of hydrogen is caused by higher expansion of side

jet.

Figure 3.25 shows the mixing efficiency along the length of physical model for different
cases (case 14~16).Figure 3.25 shows that mixing efficiency increases very sharply at
injector position of respective cases. Generally in upstream region, the increasing rate of
mixing is moderate and in downstream it is slow. Individually, case 16 (Mach No. 1.3) has
the highest increment (about 31%) of mixing efficiency at inejctor position due to strong
upstream recirculation and high interaction between free stream air and side Jet. Again case
16 shows that in downstream the mixing rate along the length of physical model is almost
constant (38%) whereas the slope of the increasing mixing rate is slower for case 15 than
case 14 (Mach No.0.7) indicating that the longer length of combustor for case 16 might
increase the cost for construction of combustor provided the other perameters are identical.
The mixing efficiency of case 16 is higher than that of cases 14 and 15 on the top of injetor.

In downstream the increasing rate of mixing is slower for all cases caused by the supersonic




nature of flow. However, among the cases investigates, case 14 has the maximum increasing
rate of mixing in donwstream. This increasing rate of mixing can be understood by figure
3.26 which shows the diffusion of hydrogen along the vertical axis at a distance 80 mm
from left wall. From the figure we see that case 14 has the maximum hydrogen diffusion
(0.33 kg/m?s) which indicates higher mixing rate in downstream. The diffusion of hydrogen
for case 16 is minimum (0.01 kg/m’s) which is clear from figure 3.25 as the mixing

efficiency curve for case 16 (Mach No. 1.3) is almost horizontal in the downstream.
3.6.3 Characteristics of the Flow Field

The charactristics of the flow field are shown in ﬁgureé 3.27, 3.28 (a~c) and 3.29 (a~c).
Figure 3.27 shows the pressure distribution along the axis at 80 mm from left wall. For
higher value of Mach No. the pressure in the downstream is higher at upper part of the flow
field. Again we know that diffusion of hydrogen is inversely proportional with the pressure
so definitely in the downstream for Mach No. (1.3) diffusion of hydrogen will be minimum
which we have seen from figure 3.26 earlier. Other characteristics phenomena such as
seperation shock, bow shock, Mach disk, reattachment shock can be seen in figure 3.28
{a~c) and 3.29 (a~c). Figure 3.28 (a~c) shows the pressure contours by which the pressure
distribution and different shocks can be understood. Flow seperation is initiated by the
backward facing step at left boundary. The main flow is deflected upward by the existance
of wall at the upper part of the left boundary. The deflection angle decreases with the
decrease of Mach number caused by weak interaction. The under expanded side jet rapidly
expands and forms a Mach disk and a bow shock due to the interaction with main flow. The
size of Mach disk increases with the increase of Mach number caused by higher expansion
of side jet. For high Mach number the siope of the bow shock is steaper indicating high
interaction between the main and side jet resulting in the high gradient of mass
concentration and consequently higher mixing efficiency. The maximum pressure and
temperature in the flow field rises immediately behind the intersection of seperation shock
and bow shock. In the downstream region the reattachment shock is more visible in the
pressure contour of figure 3.28 (a~c). The pressure is higher in the upstream recirculation

region while it is much lower immediately behind the injector caused by the suction of
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injection Fig.3.29 (a~c) shows the temperature contours for the cases (Case 14~16).The
maximum temperature rises for cassl4, 15 and 16 are 2343 K, 2430 K and 2594 K
respectively. The seperation shock, bow shock and Mach disk can also be understood from
the Fig.3.29 (a~c).From Fig.3.29 (a~c) we can also see the position of the maximum
temperature for each cases (casel4~16) which is behind the intersection of the seperation

shock and the bow shock.
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CHAPTER-IV

CONCLUSION

4.1 Summary of the Study

A numerical study on the mixing of hydrogen in supersonic airstream has been studied by
solving two-dimensional full Navier-Stroke equations. The ultimate goal of this study is
to increase mixing efficiency and flame holding capability. It was found that in
supersonic combustion, high penetration and mixing of fuel with oxidizer is difficult due
to their shori residence time in combustor. Therefore it is necessary to analyze and find

out the means of increasing mixing efficiency.

This study is completed with several investigations. Here I have reported (i) the effect of
change of injector position (ii) the effect of change of injecting angle (iii) the effect of
change of air stream angle and (iv) the effect of change of Mach number of the injector
on mixing of hydrogen with air. As an injectant, gaseous hydrogen is used because it is
the most suitable fuel and has high potential of heat release. This is why a considerable
number of researches [4, 15, 16, 18 ~ 21, 24] has been performed their investigations
using hydrogen as an injectant. For the present investigation first I changed the position
of the injector taking as 10, 20, 30, 40 and 50 mm respectively from left boundary. Then I
changed the injecting angle as (30°, 60°, 90°, 120°, 150°) anticlockwise by taking the
injector 30 mm from the left boundary. Thirdly I changed the air stream angle taking as
(60°, 90°, 120°) anticlockwise by considering the same height of the backward facing step
(5mm). Finally 1 changed the Mach number of the injecting flow taking as (0.7, 1, 1.3)
without changing the position (30mm) of the injector from the left boundary. The purpose
of this analysis is to search the configuration of a supersonic combustor, which can

increase the penetration, and mixing of gaseous hydrogen into an air stream.

It can be pointed out that most of the previous researchers used infinite parallel flow

configuration for investigations about penetration and mixing of side jet. But the finite



parallel flow configuration shows higher penetration, more uniform distribution and rapid
mixing of hydrogen and that's why I have used finite flow configuration in all of my

investigations.

It has been found that in case of varying injector distance, strong interaction is occurring
between the main and injecting flows for small distance of injector position. For long
distance of injector position both main and injecting flows lose their strength due to
viscous action and upstream recirculation. Small distance of injector position does not
have strong recirculation but long distances have strong recirculations due to wide space
in upstream. The small distance of injector position increases the mixing efficiency but
decreases the flame holding capability. The pressure loss increases with the increase of
injector distance. In conclusion, the range of setting the injector is from 20~30mm,
preferably near 20mm, by which the configuration might act as a good flame holder and
become efficient in mixing. For very long distance of injector position (40mm or more),

the configuration reduces both the mixing efficiency and flame holding capability.

Investigation showed that for varying injector angle (taking as anticlockwise), small
(6=30% and large (=120° and 150%) injecting angle have no significant upstream
recirculation. Upstream recirculation 1s dominant for injecting angle 60° and 90°.
Perpendicular injection i.e. injecting angle (6=90") increases the both mixing efficiency
and flame holding capability. Smali injecting angle (9=300) and very large injecting angle
(0=150° have good flame holding capability but mixing efficiency is poor. So finally it
has been found out that for injecting angle (0=90) the combustor might act as a good

flame holder and become efficient in mixing.

The third investigation was carried out by changing the value of airstream angle taking as
q}=600, 90® and 120°. Investigation showed that small airstream angle (w=600) increases
the mixing efficiency from injector position to downstream but in upstream mixing
efficiency is zero. Airstream angle (\p=1200) has better mixing efficiency than (\;J=900)

but does not have good flame holding capability. So in conclusion we can say that



airstream angle (w=90") has better mixing efficiency and flame holding capability and

might act as a good combustor.

Finally the Mach number of the injector was changed taking as 0.7, 1.0 and 1.3. It is
found that strong interaction is occurring between the main and injecting flows for higher
Mach number (M=1.3). With the increase of Mach number of the injecting hydrogen the
recirculations are increasing in areas and the primary one expands towards the left and for
Mach number 1.3 it touches the left boundary. Higher Mach number increases both the
mixing efficiency and flame holding capability. Pressure loss decreases with the increase
of Mach number. So injecting hydrogen having Mach number 1.3 might act as a good

flame holder and become efficient in mixing.

4.2 Recommendations for Future Study

A good supersonic combustor requires efficient mixing. A number of researches have
been carried out on mixing. More investigations are required to overcome these
problems. In fact, in supersonic combustion, high penetration and mixing of injectant
with main stream is difficult due to their short residence time in combustor. In present
investigation although I have found out some significant results with increasing mixing

efficiency, more mixing 1s desired.

In my thesis | have used zero equation turbulence model. But there are some limitations
of this model. This model takes no account of convection and diffusion of turbulence and
it is not suitable for flows containing recirculating flow regions. A two-equation

turbulence model is suggested.
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GE

Grid System of the Calculation Flowfield

Injector

* Grid system consists of 194 nodes in the x-direction and

121 in the y-direction. |
* The grid points around the wall and injector are clustered.
* 10 grid paints are provided at the exit of injector.

Fig. 3.1 (e) Grid system of the calculétioh flowfield
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Table 2.1 Coefficients of Thermodynamic Polynomials

Temperature range from 0 ~ 1000 K

Coefficients - Hs N>
a 0.33553514E+01 0.37044177E+01
a 0.50136144E-03 -0.14218753E-02
a3 .-0.2300690813-06 0.28670392E-05
a4 -0.47905324E-09 -0.12028885E-08
as 0.48522585F-12 -0.13954677E-13
ag -0.10191626E+04 -0.10640795E+04

Temperature range from 1000 ~ 5000 K

Coefficients H, Na
a 0.30667095E+01 0.28532899E+01
a (.57473755E-03 0.16022128E-02
a3 0.13938319E-07 -0.62936893E-06
as -0.25483518E-10 0.11441022E-09
as 0.29098574E-14 -0.78057465E-14
ag -0.86547412E+03 -0.89008093LE+04

Table 2.2 Constants used in Transport Equations

Species | Tio(K) Viscosity Thermal Molecular Diffusion
conductivity
mipx 10° | SiK) k.o S"i(K) W c(A) | Tu(K)
kg/(m.s) W/(m.K) gm/mol
H, 273 8.41 96.67 | 0.16273 | 166.67 | 2.0159 | 2.827 59.7
Air 273 17.16 110.06 | 0.02415 | 194.44 | 28.996 | 3.711 78.6
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Table 3.1 Calculation Summary

Calculation Computational Runs
Parameters
Injector 10mm 20mm 30mm 40mm 50mm
distance Case-1 Case-2 Case-3 Case-4 Case-5
Injecting | 30° 60" 90° 120° 150°
angle Case-6 Case-7 Case-8 Case-9 Case-10
Air stream _ 60" 90" 120°
angle Case-11 Case-12 Case-13
Mach No. 0.7 1.0 1.3 _ _
Case-14 Case-15 Case-16
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