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Introduction

A NUMBER of computational fluid dynamics (CFD) ap-
proach-based comprehensive analytical tools have been

recently proposed in providing detailed combustion analyses
and in aiding in the thruster design of the modern advanced
liquid rocket engine. For instance, Liang et al.1 successfully
analyzed a cryogenic LOX/H2 rocket engine combustor with
a liquid-gas injection. Jiang and Chiu,2 however, proposed a
computational bipropellant spray combustion model, in which
both fuel and oxidizer droplet flows were solved, and when
certain droplet combustion criteria were satisfied, fuel or ox-
idizer droplet burning was assumed. Their numerical predic-
tions2 revealed that finer-droplet sprays do not necessarily
lead to a higher combustion efficiency as traditionally spec-
ulated. The bipropellant spray combustion model was also
applied in analyzing an orbital maneuvering vehicle's (OMV)
thrust chamber.3 This chamber was equipped with a centrally
installed pintle-type ring-shaped injector. For such a small in-
space propulsive engine combustor, the propellant conversion
efficiency was predicted to be relatively low due to poor bi-
propellant mixing resulting from part of the fuel being injected
toward the chamber wall for impingement cooling.

Due to the complexity associated with modeling the ex-
pansion nozzle, numerical analyses of liquid bipropellant rocket
engine combustors have unanimously been confined within
the combustor itself, thereby allowing the effects of the nozzle
to be neglected with the chamber pressure being specified as
a prior given condition at a point on the injector face. How-
ever, the combustion performance of a bipropellant liquid
rocket engine thruster can be evaluated only when the cham-
ber pressure is predicted rather than prespecified. Therefore,
the flow analysis has to be conducted from the injector face
down to at least the propulsive nozzle throat. In the present
study, the flow analysis for the axisymmetric thrust chamber
of an OMV3 installed with a pintle-type ring-shaped injector
and a conical convergent nozzle is conducted. Liquid mono-

methyl hydrazine (MMH) and nitrogen tetroxide (NTO)
storable bipropellants serve as the fuel and oxidizer sources,
respectively, with MMH being assumed injected through the
injector toward the chamber wall for impingement cooling.
An optimum injected fuel and oxidizer droplet-size combi-
nation is suggested based upon the results obtained from a
systematic sensitivity study examining the effects of both in-
jected fuel and oxidizer droplet sizes on chamber-wall tem-
perature distributions and the chamber pressure.

Formulation
The present mathematical framework consists of an Euler-

ian/Eulerian approach2-3 for gas and liquid-droplet flows. The
full axisymmetric compressible Navier-Stokes equations as
well as the compressible k-s two-equation turbulence model
are solved for the gas flow. The liquid-droplet flow equations
for each droplet-size group consist of the droplet number-
density, momentum, and energy equations. For fuel and ox-
idizer, the inlet droplet number density is assumed to linearly
decrease and increase, respectively, as one goes from the
outer to the inner rim of the pintle-type ring-shaped injector.
With such an injection pattern, fuel impingement cooling at
the chamber wall is viable. The choking condition is assumed
at the nozzle throat. For such an irregularly shaped combus-
tor, a computer code4 was specially developed based on body-
fitted nonorthogonal grids and employed in analyzing the
present compressible turbulent reacting flow. The computa-
tional geometric configuration and grid system consisting of
48 x 21 nonuniform staggered grids are depicted in Fig. 1.
Convergence is assured by requiring the maximum mass re-
sidual of the continuity equation down to prescribed small
values and the relative difference of the variables between
two iterations smaller than 10~4. More than 3000 iterations
are required for a converged calculation.

Results and Discussion
In the present analysis, a fuel-rich injection ratio of 1.64 is

presumed, since part of the fuel is assumed to be injected
toward the chamber wall for impingement cooling. The ratio
of nozzle inlet to throat area is 6.637, and the total mass flow
rate is 0.2133 kg/s. The variation in chamber pressure pre-
dicted for various injected fuel and oxidizer volume-mean
droplet diameters (D3()) is depicted in Fig. 2. Chamber pres-
sure is defined as the mean pressure at the injector face.
Injected droplet size combinations of 20, 40, 60, 80, and 100
/^m and 40, 60, 80, and 100 fjum are investigated for (D3())ox
and (D30)fu, respectively. For each (D3())ox series [different
(D3())lu values for a constant (D3())ox value], best performance
in terms of maximum chamber pressure results for the fol-
lowing various (D30)fu: 40 > 60 > 80 > 100 /im, except for
the 100-^m (D3(,)ox series, where a (D3())fu of 80 jmm yields the
maximum chamber pressure. It is interesting to note that for
each (D30)fu, increasing (D3())ox results in a marked increase
in chamber pressure to a maximum value at a (D3())ox of 80
jum, after which, chamber pressure drops off slowly. This
result indicates that for the present thrust chamber and in-
jection pattern, there exists an optimum (D30)ox value that
achieves the best combustion performance. Excessively small
(D-())ox, however, generally lead to low combustion perfor-
mance.
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Fig. 1 Computational geometric configuration and grid system of the
combustor.
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Fig. 2 Predicted chamber pressure vs injected (/>3«)ox under various
injected (/>.,«)fll.

Fig. 3 Chamber wall temperature distribution at a constant (D30)oX
of 80 /urn and (Dw)fll of 40, 60, 80, and 100 /urn.

For a large oxidizer droplet injection, due to their size,
oxidizer droplets are able to flow from the inner oxidizer-rich
zone into the outer fuel-rich zone, resulting in high combus-
tion performance due to both outer-region and inner broad-
zone combustion. For a small oxidizer droplet injection, on
the other hand, the majority of oxidizer droplets vaporize
completely before flowing into the outer fuel-rich region, in-
ducing an intense interflame in the region between the fuel-
and oxidizer-rich zones. It blocks outer-zone fuel vapor from
diffusing into the inner zone, preventing fuel and oxidizer
mixing. As a result, fuel and oxidizer vapor remain unmixed
and flow with the stream of combustion products, leading to
poor utilization of the combustor and low combustion per-
formance. Excessively large oxidizer droplets, however, do
not promote fast combustion, since their gasification rates are
substantially lower than those of their smaller-sized counter-
parts. Therefore, the size of an injected oxidizer droplet for
the highest combustion performance should be large enough
to excite broad combustion zones, while small enough to va-
porize or burn quickly, thereby promoting fast combustion.

As for injected fuel-droplet size effects, chamber pressure
increases within each (D3())ox with decreasing (D3())fu, except
for a (D3(,)ox of 100 jam, where a (D3())fu of 80 jam yields the
maximum chamber pressure (Fig. 2). Fuel vapor released
relatively quickly from small injected fuel droplets not only
enhances combustion of oxidizer droplets/vapor flowing from
the inner to the outer region, but also excites inner oxidizer
droplet/vapor burning, increasing the overall combustion per-
formance. Slow vaporization rates of large fuel droplets, on
the other hand, fail to excite an inner burning zone, with
combustion occurring mainly in the outer region, yielding a
relatively lower chamber pressure. For a substantially large
(D3())ox of 100 jam, part of oxidizer droplets flow into, and
accumulate around, the midregion and the convergent-nozzle
section of the combustor, resulting in a locally oxidizer-rich
region therein. As large injected fuel droplets may not va-
porize completely before leaving the nozzle, they possess a
better chance of burning in the downstream region of the
combustor. These two opposite effects of a slower vapori-
zation rate, but an increased opportunity to burn lead to the
observed maximum pressure occurring for the (D3())fu = 80
jam and (D3())ox = 100 jam injection condition. The chamber
pressure for this injection combination is, however, still lower
than that of (D3())fu = 80 jam and (D3())ox = 80 jam, due to
the former's excessively large oxidizer droplets.

Temperature distributions along the chamber wall are pre-
sented in Fig. 3 for various (£>3<>)fu droplet sizes at a constant
(D3())ox of 80 jam. The latter value corresponds to the optimum
injected (D3(,)ox that yielded the maximum chamber pressure
within each (D30)fu in Fig. 2. For a large (D3())fu injection (100

/am), chamber wall temperature reaches approximately 2950
K in the midregion of the combustor, since a small number
of larger fuel droplets absorb.less heat from combustion than
do a large number of smaller fuel droplets. In the nozzle
section, since large (D3())fu injections (80 and 100 jam) still
possess sufficient fuel droplets therein for cooling purposes,
the chamber wall is accordingly kept at a slightly lower tem-
perature (around 2700 K). Chamber-wall temperatures in ex-
cess of 3500 K result for both 40 and 60 jam (D30)fu injections.
For various oxidizer droplet sizes at a constant (D30)fu of 40
jam, the maximum chamber wall temperature for a 20 jam
(D3())ox is relatively lower, since the mixing of small oxidizer
droplets with outer fuel vapor and fuel droplets is poor under
the present partially nonpremixed injection configuration. The
80- and 100-jam (D30)ox cases, however, exhibit very high max-
imum chamber-wall temperatures above 3500 K (not shown),
since both fuel droplet and gas combustion are locally excited.
The 60 jam (D3())ox injection condition, on the other hand,
exhibits a chamber-wall temperature remaining below 2500 K.

The prime criterion in determining an optimum (D3())tu,
(D3())ox injection condition is keeping the chamber wall below
its upper temperature limit, thereby preventing engine melt-
down. The upper temperature limit, however, depends mainly
upon the materials used for the chamber wall. For instance,
if this limit is 3500 K, the 80 jam (Z)3())ox and 40 jam (D3())tu
injection condition, demonstrating the highest combustion
performance among the present investigated injection con-
ditions, is not appropriate due to the fact that chamber wall
temperatures in excess of 3600 K result in the downstream
region of the combustor. Although the 80 jam (£>3(,)ox and 60
jam (£)30),u injection condition results in the second highest
chamber pressure, this case is, at best, marginal, since cham-
ber wall temperatures approaching 3500 K occur in the nozzle
section. For a chamber wall temperature limit of 3500 K, the
80 jam (D3())ox and 80 jam (Z)3()),u injection condition represents
the best choice, since it results in the third highest chamber
pressure while maintaining chamber wall temperatures below
3000 K. For a chamber wall temperature limit of 3000 K, the
60 jam (D3())ox and 40 jam (D3())fu injection condition is optimal,
since it results in a chamber pressure just slightly lower than
that resulting from the 80 jam (D3())ox and 80 jam (D3())fu in-
jection condition, while maintaining chamber wall tempera-
tures below 2500 K.

Conclusions
The chamber pressure of a storable bipropellant liquid rocket

engine combustor with fuel impingement cooling was pre-
dicted numerically under various fuel and oxidizer droplet-
size injection conditions: (D3())fu = 40, 60, 80, and 100 jam
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and (D3())ox = 20, 40, 60, 80, and 100 //in. Under the present
investigated injected droplet size combinations, an optimum
injected oxidizer droplet size of (D30)ox = 80 jitm existed,
yielding a maximum chamber pressure for each investigated
injected fuel droplet size. Small injected fuel droplet sizes
lead to a high chamber pressure, except for a (D3())ox of 100
jLtm, where a (D3())fu of 80 ^tm leads to a maximum chamber
pressure. An injected fuel and oxidizer droplet-size combi-
nation corresponding to a maximum chamber pressure oc-
curred for a (D3(,)fu and a (D3())ox of 40 and 80 jam, respectively.
For an assumed 3500 K upper temperature limit of the cham-
ber wall, the (D3())ox = 80 /xm and (D3())fu = 80 /xm injection
combination is suggested based not only upon a high chamber
pressure, but also upon a sufficiently low chamber-wall tem-
perature. For a lower chamber-wall temperature limit of 3000
K, the (D3())ox = 60 jam and (D30)fu = 40 /xm injection con-
dition represented the best choice. An optimal fuel and ox-
idizer droplet-size injection combination is thus determined
based not only upon a high achieved chamber pressure, but
also on a sufficiently cool chamber wall, where the maximum
temperature is safely below the chamber wall's upper tem-
perature limit. Fuel and oxidizer droplet sizes are thus selected
at their optimum values rather than "as fine as possible1' as
in conventional design.
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geometry is dilution holes. The dilution holes may be arranged
as a single row or multiple rows with in-line and/or staggered
structures. For some combustors, inclined slots are used.1-4

The development of the high-speed digital computer makes
numerical simulations of gas-turbine combustors more attain-
able.3"6 To simulate the fluid flow and heat transfer occurring
inside the combustor numerically, a grid system must be set
up first. It is desirable to have a smaller physical region, if
possible, so that a higher grid density can be formed, com-
pared to a larger physical domain with the same number of
grid points used to generate the mesh.

The purpose of this Note is to present an efficient grid
generation topology for generating grid systems for gas-tur-
bine combustors with inclined slots or staggered holes. In the
subsequent sections, the ideal of choosing a smaller physical
domain for setting up the mesh, the effect of this choice on
the boundary conditions, the scheme to generate the mesh,
and the effect of this mesh on the numerical solution are
presented. For the purpose of this presentation, a gas-turbine
combustor with inclined slots is used as an example.

Inclined Slots Example
Figure 1 shows a staged turbine combustor (STC) that con-

sists of a fuel nozzle, a rich-burn (RB) zone, a quick-quench
(QQ) zone, and a lean-combustion (LC) zone. Combustion
is initiated in the RB zone. The hot rich mixture is then rapidly
diluted and mixed by an array of air dilution slots in the QQ
zone. The combustion is completed in the LC zone. Details
of this combustor can be found in Refs. 1-4.

The focus here will be on the QQ/LC region of the STC
shown in Fig. 1. As mentioned, in this region cool dilution
air is injected into the QQ zone through inclined slots. Figure
1 also shows the section view of the QQ/LC region, where R
is the radius and L is the length. There are eight, equally
spaced inclined slots located around the perimeter of the QQ
zone. Due to geometric symmetry, only one slot is modeled,
resulting in a 45-deg sector. The slot is located at the center
of the sector.

Efficient Mapping Topology for
Turbine Combustors with Inclined

Slots/Staggered Holes

S. L. Yang*
Michigan Technological University,

Houghton, Michigan 49931-1295
and

M. C. Clinet
Los Alamos National Laboratory,
Los Alamos, New Mexico 87545

Introduction

I N many gas-turbine combustor applications, design of the
dilution zone is an important factor for the success of the

combustor. There are different configurations for introducing
the dilution air into the combustor; the most commonly used
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Mapping Topology
To generate a grid system for the configuration just de-

scribed, Figs. 2a and 2b show two possible choices for selecting
the two transverse boundaries shown in Fig. 1 to form the
physical domain. Figure 2a shows the transverse boundaries
(dashed lines) that are selected as horizontal lines in the axial
direction. In Fig. 2b, the transverse boundaries are aligned
to the direction of the inclined slot. The periodic boundary
condition may be used at the transverse boundaries for both
cases. By inspection, it is clear that Fig. 2b will give a smaller
physical domain for the numerical solution.

In addition to the undesirability of a larger physical domain,
two additional drawbacks may also be created by using Fig.
2a's option. As shown in Fig. 3, it is not an easy task to
maintain good grid quality for this choice. This is mainly due
to the orientation of the inclined slot. For the case of large
aspect ratio (defined as the ratio of length to width) slots, the
slots may be overlapped as indicated in Fig. 2c. From this
figure, one can see that the simple periodic boundary con-
dition is no longer valid at the transverse boundaries. In fact,
how to select and apply the boundary condition at these two
boundaries becomes a nontrivial problem.

For all these reasons, Fig. 2b's structure should be used.
The immediate question is how to efficiently generate the
mesh for this arrangement. This is described in the next sec-
tion.

Grid Generation Scheme
To generate a grid using Fig. 2b, an efficient and simple

grid-generation scheme has been developed. This grid-gen-
eration scheme involves two major steps. First, a three-di-


