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AbstracG-Numerical analysis has been performed for exploring transport phenomena of three-dimensional 
(3-D) turbulent flows with or without chemical reaction in ramjet combustors. The turbulence effects on 
flow property transport for 2-D and 3-D isothermal flow fields are simulated by two two-equation 
turbulence and the variant turbulence models (i.e. k-8 and k-k/), and results are then compared with the 
LDV measured data. It is found that the 3-D results predicted by the k-8 turbulence model are both 
qualitatively and quantitatively consistent with the experimental data. In addition, the turbulent flow with 
chemical reaction, assumed to be single-phase, diffusion-controlled combustion with negligible radiation 
heat transfer, is studied. The theoretical results of this reacting flow such as the velocity, temperature fields 
and surface stream function will be valuable for the hydraulic and thermal design of 3-D side-dump ramjet 

combustors. 

1. INTRODUCTION 

THE INTEGRAL ramjet system to be employed in 
advanced missiles is characterized by severe volume 
constraints, so dump combustors are usually chosen 
for use in volume limited ramjets and ducted rocket 
missile designs. As we know, the conventional flame 
holder and combustor liners are not contained in such 
dump combustors, and the recirculation regions 
formed by the sudden enlargement of the area between 
the inlet ducts and the combustion chamber severely 
affect the flame stabilization. Generally, dump com- 
bustors can be grouped into two types--coaxial and 
side-dump combustors-by the characteristics of the 
air-breathing systems. In coaxial dump combustors, 
both air and gaseous fuel are conducted into the com- 
bustion chamber through the dome plate, and the flow 
field is mostly axisymmetric so that the axisymmetric 
Navier-Stokes equations can be applied to numeri- 
cally predict the characteristics of such combustors [ 1, 
21. In side-dump combustors, gaseous fuel from a gas 
generator is injected through the dome plate and the 
air stream is supplied through the inlet ducts attached 
to the combustor periphery. Therefore, the flow field 
and the fuel-air mixing process in side-dump com- 
bustors will be more complicated than that in coaxial 
dump combustors, in which both air and fuel streams 
do not bend to a large extent as they flow from the 
inlet ports to the combustion chamber. 

Unlike coaxial dump combustors, there are only a 
few investigations on side-dump combustors in the 
existing literature. Shahaf et al. [3] analytically and 
experimentally studied the flow field in a two-dimen- 
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sional(2-D) side-dump square combustor model of a 
liquid-fuel ramjet. They simulated the isothermal flow 
patterns by calculating the distributions of stream 
function and vorticity, and the turbulent effect was 
interpreted by a k-kl two-equation turbulence model. 
Large discrepancies between the measured and cal- 
culated axial mean velocity profiles were found along 
the combustor axis and in the recirculating zones. In 
1982, Choudhury [4] tested a side-dump gas generator 
ramjet with four side inlet ports for the air stream, 
and concluded that the system of vortices at the head 
of the combustor is crucial to the stable operation of 
the flame. However, there is no detailed information 
about flow structure presented in that paper. Stull et 

al. [5] presented flow visualization photographs of a 
three-dimensional (3-D) side-dump combustor in a 
water tunnel, and Vanka et al. [6] performed ana- 
lytical investigations on such a combustor. The cal- 
culated results agreed qualitatively with flow visu- 
alization photographs ; however, a vortex pattern in 
the dome region shown in their experimental flow 
visualization could not be predicted in their theor- 
etical calculations. Recently, Liou et nl. [7, 81 used 
the axisymmetric Navier-Stokes equations to theor- 
etically predict the flow fields of ramjet combustors 
with an annular side inlet. They found that the main 
mechanisms of the strength of recirculating flows in 
dome regions were composed of both entrainment 
and impingement effects accompanied with the side- 
inlet jet flows. Furthermore, Liou and Wu [9, lo] 
measured the flow field of 3-D isothermal turbulent 
flow in side-dump combustors by using laser-Doppler 
velocimetry (LDV). However, no reasonable theor- 
etical analysis for exploring the 3-D flow structure in 
the combustor is achieved in the existing literature. 
Hence, the measured results presented in ref. [lo] may 
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NOMENCLATURE 

C,, C:, C,, constants in k--E turbulence 

model 

C,,. C,, C,, C, constants in k-k1 turbulence 
model 

Cg,rCy2 constants in combustion model 

C,.i specific heat of species i 

.? 

combustor diameter 
normalized concentration variable, 
defined in equation (10) 

9 time-mean square of fluctuation off 

N, heat of reaction 
h stagnation enthalpy 
!i turbulence kinetic energy 

L* dome height of combustor 
I mixing length 
M molecular weight of mixture 

MI molecular weight of species i 
m, mass fraction of species i 

6, inlet flow rate 

nr,, reversal flow rate in dome region 

“l,” forward flow rate in dome region 
P pressure 
P(,f) probability density function off 
R universal gas constant 

R, combustor radial coordinate 

Rc* normalized combustor radial coordinate, 

W(DJ2) 
Re, combustor Reynolds number, pU,,rD,jj~, 
T temperature 
ZJ axial mean velocity 
u ref combustor bulk mean velocity 
V radial mean velocity 
V velocity vector 
W azimuthal mean velocity 

X, combustor axial coordinate 
X,* normalized combustor axial coordinate, 

X, < 0: xy= x,/L.,. 
.‘I’, > 0: X,*= XJD,. 

Greek symbols 
E dissipation rate of turbulence kinetic 

energy 

0, combustor azimuthal coordinate 

PI molecular dynamic viscosity 

i’i turbulent dynamic viscosity 

f fluid density 

ffh. air ghir “f. gq turbulent Prandtl number 
of k. E, kl, j; and g, respectively 

*, concentration variable. 

be a good comparison basis for a theoretical study 
of isothermal flow characteristics in 3-D side-dump 
combustors. 

As for reacting-flow studies, Chen and Tao [1 l] 
investigated an axisymmetric reacting fuel-rich side- 
dump combustor with an annular side inlet port. In 
1985, Vanka et al. [12] further performed calculations 
of the 3-D reacting flow field in a side-dump com- 
bustor with air injected through two 45” inlet ducts. 
There were no experimental data and other theoretical 
results to validate the turbulence and combustion 
models as well as the grid size in their calculations. 

According to the foregoing literature survey, the 

objectives of the present study are : (1) to perform a 
3-D computation of side-dump combustor flow fields 
without chemical reaction for validating the appli- 
cability of the assumed axisymmetric flows in such 
combustors [7,8] ; (2) to make a comparison between 
two theoretical results, which are calculated by using 
two different turbulent models (i.e. k--E and k-kl); 
and (3) to present valuable results for turbulent flow 
and thermal characteristics with chemical reaction in 
3-D side-dump combustors. 

2. THEORETICAL ANALYSIS 

2.1. Governing equations 

u,uj IS the time average of u,uj and represents the 
Reynolds stresses. which have to be modelled to close 
the above set of equations. 

Since the flow recirculation is expected in all space In the present analysis, there are two two-equation 

directions for the cases with axisymmetric or with 3- turbulence models, i.e. k-c and k-k! models, adopted 

D flow fields. the fully elliptic steady-state Navier- 
Stokes equations should be numerically solved. Fur- 
thermore, in order to make the present turbulent- 
flow analysis practical, a Reynolds average process is 
imposed on all instantaneous governing equations. 
That is, the instantaneous value of any turbulent flow 
property 4 is represented by the sum of a time-average 
component 4, and a fluctuating component cp (i.e. 
4 = B+ rp). Therefore, the governing equations can 
be expressed in the tensor notation as follows. 

Continuity 

ii(PC’,) 

ax, 

Momentum 

;$pcJ’“,) = - ;; 

Note that the body force term has been neglected in 
the momentum equation. The turbulence correlation 
-. 
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to complete the closure problem of turbulent flow for 
comparisons. From the generalized Boussinesq eddy 
viscosity concept, in analogy with the laminar flow, 
the Reynolds stresses can be expressed as 

where 6, is the Kronecker-delta function and p, is the 
turbulent viscosity that may be related to the relevant 
variables in different turbulence models. 

(i) In the k-e model 

pLt = C,pk2/c. (4) 

(ii) In the k-kl model 

pt = C,,pk”21. (5) 

The differential governing equation for k can be 
generalized as 

--au, 
-Puiuj~ -CpP2k21Pt (6) 

and the modelled equations for E and kl are 

& CPU/E) = gy 
I J [ 

(PI +PtbJ g 
J 1 

-c, ;pwg - Czpe2/k (7) 
I 

(8) 

To show the superiority of the k-c model over the 
k-k1 model as compared with the experimental results 
measured in ref. [lo], the k-kl turbulence model is 
adopted as an alternative to the turbulence model in 
the computation of 3-D isothermal flow. 

For isothermal flows, the set of six governing equa- 
tions mentioned above, containing six unknowns, U, 
V, W, P, k, and E (or kl), completes the closure 
problem of turbulent flows. As for reacting flow, a 
combustion model has to be proposed to relate the 
temperature and density variations. In this study, the 
chemical reaction is assumed to be fast and to occur 
in one step by the following relation : 

1 kg fuel + i kg oxidant = (I+ i) kg products. (9) 

Therefore, the combustion process is limited by the 
mixing of the fuel and air streams. The distribution 
of the mass fraction of fuel and air can be achieved 
by solving an equation for a conserved scalar, defined 
as 

f= (P-VA 
PF-PA 

(10) 

where q = mfu-m,,/i and the subscripts F and A 
denote the fuel and air stream, respectively. The stat- 
istical nature of mixing is interpreted through a two- 
parameter probability density function, which will be 
conformed by solving the transport equations of mean 
(f) and variance (g) of the conserved scalar 

&(PUJ) = &, 
[ 

(/4+/4/&$, 1 (11) I I I 
&(P”jg) =& I I [ (fii+d~q)$$, 1 afl’ +cglPt ax, -Cg,P$T (12) ( ) 

In this work, a battlement shaped probability den- 
sity function (double delta function) P(J) is assumed 
and expressed as 

Pcf> = LX&j-+ +(1 -@)f_ (13) 

where f+ and f_ are the two extreme values off, which 
are given by f and g [ 131 and expressed as 

f+ = min cf+g”‘, 1.0) 
f_ = max (j-g”‘, 0). (14) 

The value of tl in equation (13) can be determined 
from the following relations [14] : 

(i) f+ < 1.0, f_ > 0: c( = 0.5 
(ii) f+ < I&f_ =O:a=f”/(f”+g) 
(iii) f+ = 1.0, f_ > 0: tl = g/[(l -f>‘+g] 
(iv) f+=l.O,f_=O:a=j 

All the scalar values expressed in terms off have 
been calculated from the determined distribution of 

P(f) by 

(15) 

The density of the mixture of fuel, oxidant and 
combustion product is represented by the state equa- 
tion of a perfect gas 

PM 
P=j@ 

where R is the universal gas constant and M the mix- 
ture molecular weight which is calculated from 

(17) 

The relation of temperature T and f can be derived 
from 

h=m,,H,,+C,T+4(U2+V2+WZ) (18) 

where h is the stagnation enthalpy, Hfu the heat of 
reaction, and C, the mixture specific heat which can be 
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Table 1. Constants in turbulence models 

Cb Ck, C, Cl, C C&i 

1.0 0.22 1.0 0.416 0.057 0.09 

obtained by the linear combination of the component 
specific heats as follows : 

C;, = Cp.tuwu + Cp.orma~ + Cp,,rm,r. (19) 

As mentioned in refs. [12, 151, the adiabatic wall 

may be considered as an extreme condition of the 
temperature distribution for the criterion of com- 
bustor design. Thus, if the adiabatic wall is assumed 

in the present study, the stagnation enthalpy related 
to the local value off’can be expressed as 

h =f’(llF-lIA)+tII*. (20) 

Therefore, through the auxiliary equations of the 
combustion model, the combustion process will 
interact with fluid dynamic characteristics in the theor- 
etical analysis, and all unknown variables together 
with governing equations will correctly match to 
solve turbulent reacting-flow problems with appro- 
priate boundary conditions. Here, it should be men- 

tioned that the rate controlling source terms, for the 
combustion model employed in the present study, 
have been eliminated since the SchvabZeldovich 
formulation is adopted (i.e. q = m,-m,,/i, 

h = mfJff,+C,,T+ l(U’+ V’-t W’)) [16, 171. 
All modelling constants in turbulence and com- 

bustion models are tabulated in Table 1. 

2.2. Boundary conditions 

The set of elliptic partial differential equations men- 
tioned above has to be solved with the following 

boundary conditions. 
(i) Symmetric planes (at 0, = 0’ and 90’) 

af - 
A = OS = 0 (only for reacting flow). ao, 80, (21) 

Note that these boundary conditions will vanish if 

an axisymmetric assumption is made. 
(ii) Combustor axis (,R, = 0) 

au ak Es 
-=o:v=w=o 

aR, 3R, aR, 

af ai -=--= 
i)R, iiR, 

0 (only for reacting flow). (22) 

(iii) Exit 

au ak a.5 
ax, = ax, = ;Ix, 

=o;v=w=o 

x=_;is 
ax, ax, 

= 0 (only for reacting flow). (23) 

In this study, the location of the computational 
downstream boundary is determined by both the mea- 

1.44 1.92 1.0 1.2 1.217 0.9 0.9 

sured results [lo] and the computational tests. In fact, 
the computational tests show that there is no notice- 
able change in the flow field as long as the location of 
the exit plane is far enough to allow the flow to present 
one-way dominated behaviour. The outlet flux of con- 
served scalarfat the exit is also checked with the inlet 
total flux to ensure the overall consistency in this 
calculation. 

(iv) Inlet. There is no axial inlet on the dome plate 
in the calculation of isothermal flows. For 3-D iso- 
thermal flow which is compared with the measured 
results [lo], the inlet distributions of mean velocities 
and turbulent kinetic energy at the side-inlet port are 
introduced directly from the measured results [9]. The 
distribution of a is deduced from the assumed uniform 
turbulence transport length scale k3”/E, which is 
assigned as 0.005(0,/Z). On the contrary, the dis- 
tributions of mean velocities and turbulence kinetic 
energy at the side-inlet port are set uniform, and the 
turbulence intensity is assigned as 0.003 in the axisym- 
metric flow. The magnitude of side-inlet velocity for 
2-D axisymmetric cases is maintained at the same 
bulk mean velocity in the combustor as in the 3-D 
computations. 

As for 3-D reacting flow, the inlet conditions at 
axial and side inlets as well as thermochemistry prop- 
erties of fuel and air streams are shown in Table 2. 
Fuel corresponding to the assigned properties in Table 
2 is a solid propellant of 50% polyester and 50% 
ammonium perchlorate by weight. Although the fuel 
is a solid propellant, it will be in a gaseous phase as it 
flows into the combustion chamber. Furthermore, the 
values of,f’in air and fuel streams, according to equa- 
tion (10). are 0 and 1.0. respectively. 

(v) Walls 

u= v= U’=O. (24) 

In the present study, the flow properties are simu- 

Table 2. Inlet conditions of fuel and air stream with their 
thermochemistry data 

Inlet condition or 
thermochemistry data Fuel? Air Product 
-~ 
Pressure (N m-‘) 4x105 4x lo5 
Temperature (K) 1089 500 
Velocity (m s ‘) 100 200 
Average specific 

heat (J kg- ’ K _ ‘) 9381.5 1000 1863.X 
Average molecular 

weight (gmolP ’ ) 20.76 28.97 27.87 
Heat of combustion 

(J kg- ‘) 9.8 x 10” 

? Fuel : 50% polyester and 50% ammonium perchlorate 
by weight. 
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FIG. 1. Grid system employed in the present analysis. 

lated by a semi-empirical two-zone algebraic model, 
i.e. the viscous sublayer and fully turbulent zones, and 
the so-called wall function [18] is used as a bridge to 
the viscous layer. For reacting flow, the walls are set 
adiabatic for heat and mass transports, that is, the 
heat and mass transfer between the combustor and its 
surroundings is neglected in this analysis. 

2.3. Numerical method 
The whole set of differential equations for con- 

tinuity, momentum, turbulence and combustion 
models with their boundary conditions are first 
reduced to finite-difference equations by integrating 
over small discrete control volumes formed in the 
arranged grid systems. Staggered grid systems are 
employed. Figure 1 shows the grid arrangement for all 
scalar variables, such as pressure, density, turbulent 
kinetic energy, mixture fractions and temperature, 
etc. ; and the velocities are located between two neigh- 
bouring scalar variables to represent the true con- 
vective quantities across the boundary of such control 
volumes. The power-law scheme [19] is applied to 
compromise the convective and diffusive fluxes on the 
faces of control volumes. 

The governing finite-difference equations are then 
solved by using the line iterative numerical scheme 
based on the SIMPLE (semi-implicit pressure-link 
equations) algorithm, which benefits staggered grid 
systems [20]. Furthermbre, in order to prevent 
numerical instability, the successive changes of the 
flow variables are underrelaxed with their old values. 
The new value of a general variable, 4, is taken as 

4 = B@+(l-8)~” (25) 

where 4” is the value computed with no under- 
relaxation, @ the old iterative value, and b the under- 
relaxation factor. The underrelaxation factors with 
their corresponding variables in the present cal- 
culations are listed in Table 3. The general structure 
of the final finite-difference equation for point p is 

Table 3. Under-relaxation factors used in the present com- 
putations 

+ k- kl P U V w E pt 

B 0.5 0.5 0.3 0.5 0.5 0.5 0.5 0.5 

Ml 32:u-H 

(26) 

where A, and A, are the finite-difference coefficients 
for point p and its four or six neighbours. S” and Sp 
are the integrated source terms, Sp being the linearized 
part. Equation (26) is solved by repeated alternate 
line sweeps in all coordinate directions. At each line, 
a line by line TDMA (tri-diagonal matrix algorithm) 
is used to solve the linearized system algebraic equa- 
tions. 

For the axisymmetric case, the calculations are 
made with different grid systems to check the grid 
independence requirement. The acceptable grid sys- 
tem for 3-D calculations is deduced from the axisym- 
metric analysis and is shown in Fig. 2. Furthermore, 
a large number of grid points are placed in the area 
where steep variations in velocities were revealed from 
the previous experimental work [lo]. Typically, con- 
vergence needs 200,400, 800, and 1500 iterations for 
axisymmetric, 3-D isothermal k-e, 3-D k-k1 and 3-D 
reacting flows, respectively ; and each iteration needs 
3 -4 s CPU time on a CDC-CYBER 180/840 com- 
puter system in National Tsing Hua University. 

3. RESULTS AND DISCUSSION 

For selecting a reasonable non-uniform grid system 
to deal with the 2-D problems, five kinds of grids 
are chosen for numerical experiments, i.e. 4O(axial) x 
S(radial), 40 x 7, 40 x 9, 40 x 12 and 40 x 14. The 
results show that the relative deviations of the recir- 
culating flow rates along the axial direction in the 
dome region between 40 x 9 and 40 x 14 are less than 
2.50%. In addition, the axial mean velocity profiles at 
X: = - 0.56 are also checked for various grid arrange- 
ments. It is found that the relative deviations between 
40 x 9 and 40 x 14 are less than 5%. Therefore, the 
computations are accepted to perform with a 40 x 9 
non-uniform grid system in the 2-D calculations. Fur- 
thermore, the corresponding grids are proposed to be 
used for the 3-D analysis in the X, and R, directions. 

3.1. IsothermalJEow3eld in a 2-D side-dump combustor 
Generally, an annular side-dump inlet condition is 

assumed for analysing a 2-D flow field in side-dump 
ramjet combustors. According to the geometric sym- 
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FIG. 2. Vector plot of isothermal Aow pattern in 2-D side-dump combustor. 
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FIG. 3. Schematic of dual-inlet side-dump combustor in 3-D isothermal flow analysis. 

metry, the numerical modelling to depict the flow field 
may be simplified because of no velocity component 
in the 8, direction. Figure 2 shows the distribution 
of the average velocity vector in a 2-D side-dump 
combustor. In the figure, a closed-type recirculating 
zone is found between the flow side-dump inlet port 
and the dome plate, the flow-properties exchange in 
this recirculating zone is mainly controlled by the 
inlet an-jet entrainment and flow diffusion. Moreover, 
there is no secondary recirculating zone near the wall 
immediately downstream of the dump inlet when the 
dump angle is less than 75” [S]. Besides, the flow 
entering the combustion chamber is very fast reaching 
fully-developed conditions as Xc* > 0.75, i.e. the so- 
called one-way dominated flow. From the above 
results, although the 2-D analysis may give a pre- 
liminary result which depicts the flow field in the 
chamber, these calculated results are very difficult to 
verify by using an experimental technique, which is 
designed with the basis of 2-D assumptions. There- 
fore, it is agreed that the development of a generalized 
3-D analysis is valuable to verify the feasibility of 
using 2-D assumptions for the real 3-D complicated 
configurations. 

3.2. IsothermalfZowJield in a 3-D side-dump combustor 
As compared with the ex~rimental results pre- 

sented in ref. [lo], the analysis of the 3-D flow fields 
can be taken to validate a better selection of tur- 
bulence models and the feasibility of using 2-D 
assumptions. There are two different turbulence 
models adopted in the present research, i.e. the k-e 
and k-k1 models. The dimensions of the side-dump 
combustion chamber in the analysis are identical with 
those of the experimental setup in ref. [lOI (see Fig. 
3). Owing to large computing resources required. the 

grid independency study cannot be undertaken for the 
3-D cases, so only a 40 x 9 x 10 grid arrang~ent in 
the axial, radial, and azimuthal directions is used in 
the present study. Figure 1 indicates the locations of 
all scalar variables such as P. k, E, and T in the 
calculations. The comparisons of the calcuiated mean 
velocity profiles with different turbulent models and 
the measured data in the side-dump combustor are 
illustrated in Figs. 4-7. Figures 4 and 5 show the 
radial and axial mean velocity profiles for 0, = W, 
respectively ; and the axial mean velocity profiles for 

l measurements for @9d 

0 measurements for 8,=270’ 

- k-E model - - k-kl model 

0.5 
0.0 

-0.5 E j 
0.0 
-0.6 

0.0 0.2 0.4 
RF 

0.6 1.0 

FOG. 4. Radial mean velocity profiles for 0, = 90” in 3-D side- 
dump combustor. 
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Ret = 2.6x 1 04L101 
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0.0 
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FIG. 5. Axial mean velocity profiles for 0, = 90” in 3-D side-dump combustor. 
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0.2 
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FIG. 6. Axial mean velocity profiles for BC = 0” in 3-D side-dump combustor. 

0, = 0” are shown in Fig. 6. Since the computations 
are adopted with the assumption of symmetry about 
the combustor axis, the measured data for 0, = 270” 
and 180” [IO] are also plotted together with the 
data for Q, = 90” and 0” in the figures. The differ- 

0 measurements [lo] 

- k-E model 

-.- k-kl model 

--- axisymmetric 

-2.of 
-1.0 0.0 II) 2.0 $3.0 4.0 5.0 

FIG. 7. Distribution of central axial mean velocity in 3-D 
side-dump combustor. 

ences between the mean velocity calculated with 
two turbulence models in the inlet region (i.e. 

0.25 < X: < 1 .O) are not significant ; while the results 
evaluated by using the k-k1 model show a much higher 
radial mean velocity component in the dome region 
(i.e. X,* < 0), and a much higher axial velocity com- 
ponent near the combustor axis, as compared with 
those calculated by using the k-c model and the exper- 
imental data [IO]. Therefore, here it may be concluded 
that the results calculated with different turbulence 
models show a significant difference in a certain 
region, in which the recirculating flows exist and 
diffusion dominates the flow mechanism. Further- 
more, as presented in Figs. 4-6, the calculated results 
with the k-c model are both in qualitative and quan- 
titative agreement with the experimental data [lo]. 
The deviations between the predicted results with the 
k-e model and the measured data become insignifi- 
cant in the dome region and in the far downstream 
region (i.e. X,*-C 0 and X,*> 1). In the region of 
0 ,< X,* < 1.0 as compared with the experimental 
data, the calculated results at 0, = 90” reveal a weaker 
radial velocity shown in Fig. 4, and a weaker axial 
velocity near the combustor axis (i.e. at 6, = O”) in 
Fig. 6. The main reason to bring about these devi- 
ations is that the actual inlet conditions in ref. [IO] are 
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FIG. 8. Vector plots of isothermal flow field in planes of 0, = 0” and 90”. 

measured at the plane 20 mm above the side-inlet 
plane (Rr = 1) ; while the inlet conditions are exactly 
set at the side-inlet plane (Rr = 1) in the present com- 
putations. Moreover, the measured velocity com- 
ponent at the inlet plane only prevails in two directions 
(i.e. 0, = 0” and 90”) and the symmetrical flow con- 
dition about the combustor axis may not be exactly 
achieved by controlling the operating condition at the 
two inlet square ducts in the experiments. 

In addition, the distribution of axial mean velocity 
at the combustor axis. where both the radial and 
azimuthal velocities vanish, is a good intrusive par- 
ameter. The calculated and measured distributions 
of central mean velocity along the axial direction are 
presented in Fig. 7. Comparisons between the cal- 
culations by using the k--E and k-k1 models are also 
made in the figure. It is obviously found that the 
results calculated by using the k-E model are superior 
to those using the k-kl model, as compared with the 
experimental data [lo]. In the figure, it is also revealed 
that there is a larger deviation between the calculated 
and measured data at .Yy = 1 .O. This may be due to 
the fact that the measured mean velocity reveals highly 
asymmetric profiles in the region of 0.25 Q X: d 1.5, 
but a symmetric flow pattern is assumed in the present 
calculation. 

Figures 8(a) and (b) show the flow pattern in planes 
of constant azimuthal angles, 0, = 0” and 90”, respec- 
tively. In the present calculation, it is found that the 
vortex motions in different 0, planes are quite different 
in the dome region due to the 3-D effects. The recir- 
culating flow in the 8, = 90” plane (see Fig. 8(b)), 
where it rotates clockwise, is driven by the bifurcating 
flow of jet impingement in the upstream direction and 
by the shear of the inlet flows. In the 8, = 0” plane 
(see Fig. 8(a)), the recirculating flow is formed by the 
spread-out effect of the combustor wall both in the 
radial and upstream directions, and rotates in the 
counter-clockwise direction. The recirculating flows 

in the 3-D combustor do not form a closed-loop the 
same as in the 2-D configuration. They tIow into and 
out of the dome region in a spiral way due to the 
existence of the azimuthal velocity component. Since 
the swirling motion is sustained by the inlet jet flows, 
the azimuthal velocity is more pronounced in the inlet 
region and decays in other regions of the chamber. 
Here, a quantitatively defined parameter, swirl inten- 
sity (SZ), will be chosen to express the evolution of 
swirling motion more clearly. The expression of SI is 

s 
ip W2V. dA 

sr(x,u, = __._‘“:‘_-~ ..-.____~_._ (27) 

- 
s 

:p(iJ*+V”+ W*)V*dA 
4 

where SI denotes the dimensionless axial flux of the 
swirling mean kinetic energy at a given X:, normalized 
by the inlet flux of the total mean kinetic energy. It is 
an index of swirling-motion evolution. Figure 9 shows 
the distributions of swirling intensity calculated with 
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FIG. 9. Distributions of swirling intensity in 3-D side-dump 
combustor. 
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FIG. 10. Dimensionless forward and backward planar flow rate in 3-D side-dump combustor. 

the k--E and k-k1 models. The differences between cal- 
culations for the 5’Z distributions with these two tur- 
bulence models are not significant. As for the SZ dis- 
tributions at various X: locations in the combustor, 
it manifests that the vortices are generated due to the 
impingement of the inlet jets, and the resulting swirl 
intensity is confined within the range of 0 < X,*< 2 
with a peak value of 5.6% at X: = OS. Note that the 
swirl intensity decays rapidly when X,* > 0.5, it indi- 
cates that a strong turbulent mixing does exist in the 
region of X,* < 0.5. The swirling motion diminishes in 
the region of Xy > 4.0 ; it means that a unidirectional 
flow has been developed in that region. 

As we know, the existence of azimuthal velocity 
causes the spiral flow structure, and the planar flow 
rate will be varied at different axial locations. Figures 
10(a) and (b) present the forward and backward 
planar flow rates in the combustor, normalized by the 
inlet flow rate, respectively. As shown in Fig. 10(a), 
since the inlet port is located in the range of 
62” < 0, Q 90”, the forward flow rate near the plane 
of BC = 90” is kept at a peak value of about 20% of 
the inlet flow rate. The swirl motion drives this for- 
ward flow from the plane of 8, = 90” to that of 6, = 0” 
as Xz > 0.5. Further downstream, the distinction of 
velocity profiles in different planes becomes insig- 
nificant, and the amount of forward flow rate 
approaches an asymptotic quantity during the devel- 
opment of unidirectional flow. In the dome region, the 
swirling motion is not significant, and the entrainment 
effect of the inlet jet drives the fluid out of this region 
near the plane of BC = 90”. Figure 10(b) shows the 
distribution of the reversal flow rate toward the dome 
plate at some specific planes in the dome region. The 
impingement of inlet jets makes the bifurcating flow, 
driving the inlet flow into the dome region near the 
plane of 8, = 0”. The amount of reversal flow rate 
decreases to zero from the inlet (X,* = 0) to the dome 

plate (X: = - l.O), as shown in Fig. 10(b). The rever- 
sal flow at BC = 90”, occurring immediately down- 
stream of the inlet port (X,* > 0.5), is brought about 
by the entrainment effect of the inlet jet, and a sec- 
ondary recirculating zone similar to that in the 2-D 
flow field [5] is then evolved. The distribution of planar 
flow rates will be more comprehensive as it conforms 
with the flow pattern shown in Figs. 8(a) and (b). 

3.3. Reactingflowfield in a 3-D side-dump comb&or 
From the above results and discussion, the k-c tur- 

bulence model is capable of predicting the compli- 
cated isothermal flow field in side-dump combus- 
tors. Therefore, the 3-D isothermal analysis may be 
extended to explore the reacting flow field of 3-D side- 
dump combustors with the gaseous fuel conducted 
through the dome plate. Figures 11 (a) and (b) show 
the flow pattern in the planes of BC = 0” and 90”, 
respectively. As compared with Fig. 8, the flow pattern 
in the dome region is significantly influenced by the 
axial fuel jet flow, which is conducted through the 
dome plate. The fuel flow enhances the strength of 
counter-clockwise vortices. As shown in Fig. 11 (b), 
the clockwise vortex is confined within the region near 
the combustor axis and the inlet region at 0, = 90”. 
The counter-clockwise vortex structure at 0, = 0” 
shown in Fig. 11 (a) is more intact than that in Fig. 
8(a) for an isothermal pure side-dump flow field. 

Figures 12(a) and (b) show the isotherm contours 
along the axial direction at 8, = 0” and 90”, respec- 
tively. Since the combustion process is assumed to be 
simply diffusion controlled, and the overall fuel-air 
ratio is fuel lean, the high temperature region is con- 
fined within the dome region and between the axial 
fuel and side-inlet air flows. That is, the location of 
the flame originates from the edge of the axial fuel jet 
flow and is confined in the dome region by the side- 
inlet air stream. In the dome region, the temperature 
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FIG. 1 I. Vector plots of reacting flow field in 3-D side-dump combustor. 

field shows a rather steep gradient and the highest 
temperature occurs near the combustor side wall. This 
phenomenon implies that the mixing process is more 
dominated by the flow structure than by the tem- 
perature field accompanied by combustion. In the 
downstream region, both velocity and concentration 
mixing are rather complete, and the temperature 
becomes a uniform distribution between 900 and 
1000 K. 

Finally, a concept of surface stream lines, which are 
conventionally employed to describe 3-D external 
flow separation, may be introduced to depict the com- 
plex flow patterns in the present study. As we know, 

the surface stream lines for steady flow are tangentia1 
at every point to the surface flow direction. On the 
surface, velocity is zero, but there exist stream lines 
which pass through points at a distance h measured 
from the wall surface; therefore, surface stream 
lines are defined as the flow directions of particles 
infinitesimally close to the wail 1211. Then surface 
stream lines are given by 

Generally, there are two types of separation, namely 

x 
xc 

(b) 8c=90’ 

FE. 12. Isotherm contours of reacting fluid in 3-D side-dump combustor. 
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FIG. 13. Surface stream lines of 3-D side-dump combustor. 

ordinary and singular. Ordinary separation is com- 
mon in 3-D flows. Ordinary separation occurs only 
when two distinct surface stream lines, lying in the 
solid surface, converge and meet at a point, say, the 
separation point. They then combine and leave the 
surface in the form of a single separation stream line. 
At the separation point where two surface stream lines 
meet, the slopes of both stream lines are the same. 
This implies that both surface stream lines must be 
tangential to each other in the plane or the wall, 
forming a cusp at the separation point [21]. For the 
singular separation, the surface stream lines can meet 
in other than a cusp at a singular point. The only 
requirement on the singular surface stream lines is 
that the shear stress must be zero at the wall. It may 
be recalled in ref. [21], perhaps lines of singular sep- 
aration never occur in 3-D flows because of the 
absence of wall shear stress at the separation line, and 
no one has observed lines of singular separation in 3- 
D flows. 

In the present study, the surface stream lines and 
wall temperature distributions are shown in Figs. 13 
and 14, respectively. From Fig. 13, an ordinary sep- 
aration line is found in the side-dump inlet region. 
The occurrence of this 3-D flow separation is due 
to both effects, that is, the entrance effect of low- 
temperature side-inlet air flow and the jet-impinge- 
ment effect of high-temperature reacting flow. There- 
fore, as compared with the upstream region of the 

side-inlet air port (i.e. X,* < 0), a lower temperature 
distribution can be found in the side-inlet region (see 
Fig. 14). As shown in Fig. 14, most of the upstream 
reacting flows, which are almost confined in the dome 
region, may cause a higher temperature distribution 
of the combustor surface in that region. Moreover, as 
shown in F’ig. 13, it is also found that the swirling- 
flow effect gradually diminishes along the axial direc- 
tion. In the far downstream region, the reacting flows 
which are fully mixed become unidirectional, and 
the distribution of wall temperatures then gradually 
becomes uniform as shown in Fig. 14. 

4. CONCLUDING REMARKS 

In the present study, the theoretical analysis has 
been made to investigate the 2-D and 3-D turbulent 
transport phemonema of isothermal and reacting 
flows in side-dump ramjet combustors. Meanwhile, 
there are two distinct turbulence models adopted to 
complete the closure problem in turbulent flow and 
compared with the measurement results. From the 
computational results, it manifests that the simplified 
2-D flow field is not adequate to represent the flow 
characteristics of the real 3-D cases. In the dome 
region, the structure of the recirculating flow of the 2- 
D flow field is a closed type and there is no convective 
interaction between the recirculating flow and the 
side-inlet jet flow. However, for the 3-D flow field, the 

FIG. 14. Isotherm contours on 3-D combustor wall. 
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recirculating flow in the dome region is an open type 
and it is the bifurcating flow of the side-inlet jet flow, 
that is, a part of inlet flow flows into and out of 
the dome region and forms the so-called recirculating 
structure. Furthermore, the swirling effect in the 3-D 
flow induces a helical flow path in the combustor and 
the flow rates on different 0, planes are not the same. 
These phenomena of swirling flow were not observed 
in the 2-D flow field. It should also be noted that the 
swirling-flow effect in the 3-D flow is significant in 

the inlet region and decays rapidly toward the dome 

region and the downstream region. 

The effects of two different turbulence models on 

the isothermal flow field are also considered in this 
work. Although in the inlet region, the differences 
between the results of these two turbulence models 
are not significant because of the strong convective 
effect of the side-inlet jet flow, the k-kl turbulence 
model is not suitable for such a complicated flow field 
in the side-dump combustors. The results of the k- 

kl turbulence model give the too high radial mean 
velocities in the dome region and unusual high axial 
mean velocities near the combustor axis as compared 
with the measured results. On the contrary, the flow 
field calculated with the k-a turbulence model gives 
the qualitative and quantitative agreement with exper- 
imental results. 

Finally, the k--c turbulence model is chosen to pre- 
dict the 3-D. turbulent, reacting flow. As compared 
with the results for the pure side-dump combustor, 
the flow tield in the dome region is significantly influ- 
enced by the axial fuel jet flow, which is conducted 
through the dome plate. Since fuel-lean diffusion-con- 
trolled combustion is assumed, the location of the 
flame is originated from the edge of the axial fuel-jet 
how and confined in the dome region by the side-inlet 
air stream. The wall temperature in the dome region 
is quite high and the cooling process in this region 

should be considered to prevent cracking of the com- 
bustor material. 
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PHENOMENE DE TRANSPORT TURBULENT TRIDIMENSIONNEL DANS LES 
CHAMBRES DE COMBUSTION DE STATO-REACTEURS 

R&sum&On developpe une analyse numerique pour explorer les phenomenes de transport des ecou- 
lements tridimensionnels avec ou sans reaction chimique, dans des chambres de combustion de stato- 
reacteur. Les effets de la turbulence sur les proprietes de transport des champs d’tcoulement isotherme en 
2-D et 3-D sont simules par deux modeles a deux equations de turbulence et de turbulence variante (k-a 
et k-k/), et les resultats sont compares avec les valeurs mesurees. On trouve que les resultats en 3-D obtenus 
par le modele k--E sont qualitativement et quantitativement cohtrents avec les don&s experimentales. De 
plus, on etudie l’ecoulement turbulent avec reaction chimique, suppose &tre monophasique, a combustion 
controlee par la diffusion avec un rayonnement thermique negligeable. Les resultats thtoriques de cet 
ecoulement reactif concernant les champs de vitesse et de temperature, les fonctions de courant de surface, 

sont valables pour le dessin hydraulique et thermique des chambres de combustion de stato-reacteurs. 

TURBULENTE DREIDIMENSIONALE TRANSPORTPHANOMENE IN EINEM 
STAUSTRAHLTRIEBWERK MIT SEITLICHEM AUSTRITT 

Zusammenfassung-Die dreidimensionale turbulente Striimung mit oder ohne chemische Reaktion in 
einem Staustrahltriebwerk wird numerisch untersucht. Simuliert wird der EinfluB der Turbulenz auf das 
Transportverhalten fur zwei- und dreidimensionale isotherme Stromungsfelder (k-e) und (k-k/). Die 
Ergebnisse werden mit den Messungen eines Laser-Doppler-Anemometers verglichen. Dabei stellt sich 
heraus, dal3 die 3-D-Ergebnisse, die sich mit dem k-s-Turbulenzmodell ergeben, quantitativ und qualitativ 
mit den experimentellen Daten iibereinstimmen. Zusatzlich wird eine turbulente Stromung mit chemischer 
Reaktion untersucht. Die Stromung wird dabei als einphasig, mit einer durch die Diffusion bestimmten 
Verbrennung und mit vernachlassigbaren Strahlungsverlusten angenommen. Die theoretischen Ergebnisse 
dieser Striimung mit Reaktion-wie die Geschwindigkeit, das Temperaturfeld und die Funktion der 
GrenztlLchenstr6mung-werden fur die hydraulische und thermische Auslegung von Staustrahltriebwerken 

mit seitlichem Austritt sehr niitzlich sein. 

TYPBYJIEHTHME RBJIEHH5I I-IEPEHOCA B TPEXMEPHOm HAKJIOHHOm KAMEPE 
CFOPAHHl I-IPlIMOTOrIHOI’O B03IJYIIIHO-PEAKTHBHOFO ABHFATEJIR 

Asmo~Bnmonnen Xrrcne& aHarw aeneHGi nepe~o~a npa rpex~eprrost ryp6ynenrrroM 
TeVeHEiiCXSiMSiYeCKOfi~aK~eii A6e3 A~J? B Kah4~C~OpZWIEiK IIpffMOTOYHOrO BO3AyLLlHO-peaKTHBHOr0 

ABrrraTenn. C ~OMOIUMI .nnyx htonenefi qp6ynenmocm (k-s A k-kl) chfoAenlrpoeaHo BnmHae ~yp6y- 

nemHocm Haxapa~~AcnacAnepeHocaannnond Anyx- HTpexrdepfwx ~3orep~wecgax IIOTOKOB,~ 

3aTeMnpoeeAeAocpaAeHAec83Me~HH~A3BaqeHHRMH.HaiigeHO,S~o~yJIbTaT~~~TPeXMepHoro 

IIOTOKa,&XlCC¶HTaIiHbZeIIOMOAeJUi k--E, COrn%yIOTCKKaKKa¶eCTBeHHO,TaK H KOJIE’IWTBCHHO CW.XI~H- 

Mf%iTUlbHbIMH AaHHhlME. KpoMe Toro, nccnenonano ryp6ynenrnoe nayernie c xm+nnrec~ol peanrnrefi, 
IIpeAcTaBneHHoe 0~~0@3HbIA4 IIOTOKOM C CIIpeAenneMLdhf AEwy3Hefi ropeHHeM &i npeHe6peKcwlo 

~iwb~~nywicT~~~en~~onepe.~ocord. nonyne~eTeopeTanec~ePe3yJIbTaTbIAJlK noneiic~opocTau 

Te~~aTyp~,aTaKareannn0eep~~0~~~0ii~~~~ToKa~o~0~~oJIb30~a~~r~aenauecKoro 

HTeIIJIOBOrO paC¶eTa TpeXMepHboc HaXXOHHbrXKBMepCrOpaAHR lIpKMOTO¶HblX BO3AyIIIHO-peaKTHBIibIX 

nenrarenefi. 


