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FOREHORD

CHAM of North America Incorporated has performed a Rocket Injector Anomaly

Study under the NASA Contract NAS3-23352. The purpose of the study was to modify,
test and demonstrate a computer code for predicting three-dimensional two-

‘phase spray flow and combustion in rocket engines. The modified computer code
REFLAN3D-SPRAY (REactive FLow ANalyzer 3-Dimensional, with two phase spray)

and results of parametric studies have been described in the folloiwng two
volumes:

Volume 1: Description of the Mathematical Model and Solution Procedure;
Volume 2: Results of Parametric Studies.

Transfer of the code to NASA LeRC computer center, and preparation of a user's
manual are recommended as next steps of the study.

The authors wish to thank all those who have contributed to this work. In
particular, thanks are due to Larry P. Cooper and Ken Davidian of the Communication
and Propulsion Section of NASA LeRC; and to Laurence Keeton, Jack Keck, Kelli

King, Janet Siersma, and Ronni Rossic of CHAM NA.
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SECTION 1
SUMMARY

The Tiquid fuelled rocket engine combustors consist of an injector plate and a
thrust chamber. The injector plate consists of a number of propellant injectors
which are designed to atomize the Tiquid jets of reactants and to promote
“intensive mixing between the vaporized components.

Figure 1.1 shows the schematic of the rocket engine and injector plate, with
LOX-RP1-LOX unlike triplet injectors, considered. The purpose of the study

was to demonstrate an analytical capability to predict the effects of reactant
injection non-uniformities (injection anomalies) on heat transfer to the walls.

For this purpose an existing three-dimensional single-phase flow and combustion
computer code (REFLAN3D: - REactive FLow ANalyzer, 3-Dimensional) has been modified
for simulating two-phase flows in liquid propellent rocket engines. The modified
code is referred to as REFLAN3D-SPRAY.

Mathematical basis and solution procedure of REFLAN3D-SPRAY are described in

Volume 1. This volume presents computational results to demonstrate the capability
of the code. Reported results include numerical tests as well as several
parametric test cases of the model rocket combustor (Figure 1.1),

The results of the effort undertaken in this program can be summarized as
follows:

- The REFLAN3D computer code with Eulerian-Lagrangean technique has
been adapted for three-dimensional, elliptic, two-phase flow with
evaporation, heat transfer and combustion in Tiquid fuel rocket
engines.
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Figure 1.1 Rocket Engine Geometry and Injector Plate Configuration



The code check-out calculations satisfied uniformity and symmetry
requirements for both nonreactive and reactive turbulent flows.

The parametric studies of the two-phase flow and combustion in
rocket engine combustor showed qualitatively correct response for
variations of geometrical and physical parameters.

The injection nonuniformity test case, i.e. with blocked 25% fuel
injector holes near the chamber, showed significant changes in the
central flame core and minor influence on the wall heat transfer
(Figure 1,2).

The areas for model improvements, in both physical and computational
aspects, have been identified and recommended for further studies.

The recommendations for further studies include:

a)
b)

c)

d)

preparation of a user's manual and code transfer to NASA LeRC;

improvements in the physical models of evaporation, turbulent
diffusion of droplets, and chemical reaction;

numerical improvements to increase the accuracy of solution method; and

yerification studies with and without comparisons with experimental
data. ’
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Figure 1,2 Temperature contours within the rocket. engine
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SECTION 2
INTRODUCTION

The objective of the present study was to demonstrate an analytical capability
to predict the effects of reactant injection-nonuniformity (injection anomalies)
upon Tocal and overall heat transfer in a Tiquid prope]]éd rocket engine
‘combustion chamber. For this purpose the REFLAN3D (REactive FLow ANalyzer
3-Dimensional) computer code has been modified for the two-phase spray
calculations and applied in this study. The modified code is referred to

as REFLAN3D-SPRAY. |

Detailed description of the mathematical model is provided in Volume 1,
entitled "Description of the Mathematical Model and Solution Procedure".

This report constitutes the second volume of the documentation and describes
the computational results and analysis of:

a) code check-out test cases (section 3), and

b) five parametric test cases (section 4).

Based on the analysis of these results further model refinements are identified
and described in section 5. The need for model varification against experimental
data is also discussed in section 5. -
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SECTION 3
CODE CHECK-QUT CALCULATIONS

In order to predict the effects of injection nonuniformity on the fluid flow
and heat transfer pattern the numerical model has to be capable of responding
to small changes in injection pattern. Therefore, in addition to common checks
of computational stability, convergence rate etc, a model accuracy for

handling cyclic boundary conditions must be checked before it can be used

for injection anomaly studies. For this purpose two test cases were selected
to check solution symmetry and uniformity characteristics. '

3.1 SYMMETRY TESTS

Figure 3.1 presents the geometry configuration and computational grid used for
the symmetry test calculation. The fluid enters the cylindrical duct through a
partially blocked front plane. Two jets:

-~ the inner jet with smaller velocity, and

- the outer jet with larger velocity,

enter through a V-shaped opening in the front plane. The fluid leaves the
duct through fully open exit plane.

A 180° sector of the duct has been used as the solution domain for the calculations
with uniformly distributed grid (NX: NY: NZ - 21: 10:.4). Due to the symmetry of
the combustor geometry and symmetrical boundary conditions, the results of the
computations should be symmetric about the 9=90° plane.

Results of the following two test cases are presented in this section:
A) A constant temperature (300°K), constant viscosity (.001 kg/ms)
flow with fixed inlet velocities (10 and 20 g& and fixed exit pressure

(relative pressure, P = (), specified as a boundary condition.

exit
B) A1l conditions same as is case A, except that the larger inlet
velocity is changed from 20 to 50 m/s.

The k-e turbulence model has been used for both test cases. Figure 3.2 presents
calculated velocity vectors in all four axial planes for test case A, Note

that the minimum (VELMIN) and maximum (VELMAX) velocity vectors at symmetric
planes (1 and 4) and (2 and 3) are identical, The shape and size of the
recirculation zones on plane 1 and 4 are also the same.

3-1-
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To enable a thorough examination, results of test case B are presented in
the form of the following tables:

Table 3.1 - u-axial velocity (m/s) for each 6, plane

Table 3.2 - v-radial velocity (m/s)

Table 3.3 - rw-angular momentum (m2/s)

Table 3.4 - k-kinetic energy of turbulence (mZZsz)

Table 3.5 - global convective fluxes through the chamber cross section (kg/s)

Tables 3.1 to 3.4 indicate perfect symmetry about 6=90°. Results are

symmetric at 8y and 645 and 6, and 63. Another symmetry verification is almost zero
(10'9) angular velocity at k=3 plane (6=90°). Note that "backward boomerang"

for velocity staggering is employed. Further guidance on interpretation '

of the computer ohtput is provided in Appendix A of the present report.

Calculations were performed on a CRAYL computer and total execution time for
100 iterations was 5.6 seconds. Figure 3.3 presents the convergence rate for
test case B in the form of residual error variation with number of iterations.
The residual error e is calculated as the total mass inbalance for the entire
calculation domain i.e. ‘

' e =1 (30,

ijk d

where iik denote grid indices, and d = N, S, E, W, H, and L signifies grid cells
boundary at which the convective flux Cd is calculated.

The numerical convergence can also be verified from table 2.5 where global or

total convective fluxes across various sections are presented. The notations
used are:

Global net convective flux

Fy 512 (puA) k
k J

Global positive flux

... o N=4; 3=1 ... .M=10

FXPi =% Tmax (0.,pud)
k i

%

Global negatfve (recirculating) flux

FXMi =2 % min (0.,pud)
k J
where u - axial velocity, p - density and, A - grid cell face area, and

i axial, j - radial, k - circumferential coordinate indices.
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Table 3.1 Axial Velocity
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Table 3.3 Angular Momentum
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Table 3.5 Convective Fluxes Through the Chamber
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Figure 3.3 Convergence rate for the symmetry and uniformity test.
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The global mass flux FX = 14,73138 should be, and is preserved, at each
axial location I =1, . . . . 10,
3.2 UNIFORMITY TESTS

The uniformity tests have been performed on similar chamber geometry with axi-
symmetric fluid entry (figure 3.4). A turbulent flow with propane-air combustion
in a chamber with sudden enlargment has been considered. Figure 3.4 presents

the geometry and inlet conditions. Fuel enters the chamber through the axial
slot at x=0 with u=10g3 v=0, w=0, and air through the annular inlet with

u=50g3 v=0, w=( (see table 3.6). Results are presented by the following tables:

3.6 - u -axial velocity (m/s)

3.7 - v -radial velocity (m/s)

3.8 - rw-angular velocity (mz/s)

3.9 - k -kinetic enerty of turbulence (mz/sz)

3.10- T-absolute temperature (°x)
3.11- mfu—fuel mass fraction (-)
3.12- FX, FXP, FXN and FULFLX fluxes (kg/s).

Calculated results are uniform on all ek (k =1, 2, 3, 4,) planes, Note that
the recirculation zone extends up to the middie of the chamber. The angu]a%
momentum vw should be zero throughout the chamber. It was predicted as 107~ - 10

-12

at 6=90° and as 10-4 - 10'6 at 0 = 45° and 6 = 135° respectively. These vdlues are

within acceptable error Timits,

The values k, T and mfu also indicate good uniformity. Table 3.12, in
addition to global mass fluxes (FX, FXP, FXN), also provides total cross-
section unburned fuel flow rate, which is defined as:

FULFLX. = % § (puA=me ) ik
The convergence and conservativity of the numerical algorithm can be verified
by FX distribution. Note - the FX = 17.79037 kg/s value is exactly preserved

at each axial i-plane (table 3.12).

The convergence rate for the uniformity test case is presented in figure 3.3.
The residual error for test case B indicates better convergence for the flow
with uniform inflow. Intensive recirculation zones in case A (symmetry test)
are responsible for relatively slower convergence rate.
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Table 3.6 Axial Velocity
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Table 3.7 Radial Velocity
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Table 3,9 Kinetic Energy of Turbulence
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Table 3.11 Fuel Mass Fraction
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8] 6,31Ew03 5,76E«03 7,92E=03 {,28Ew02 {,86E=02 1,74E»03 1,18EwQ4 7,25Ew06 4,33E=0T7 3J,64E=(8

7] 5.35€=03 S,01E=03 7,58E=03 1,32E=02 2,06E=02 1,70E«03 8,92E=05 4,77Ew(6 6,19E=07 3,37Ee07
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CONVECTIVE FLUXES THROUGH THE CHAMBER CRUSSECTIONS
i XMz 0,000E+00 FRxz 1,779037E+01 FxPz 1,779037E+04 FXN= 0,000000E+00 FULFLXS 7,614280Ew01
2 XMz ©,3S0E~01 FXa 1,779037E+01 FXPs 2,161037E+0{ FXN= =3 ,819999E+400 FULFLX3 7,687377E=01
3 AM=z 1,370E+0C FXx | ,779037E+01 FXxP= 2,093193E+401 FXNS =3,141554E+00 FULFLX® 7,726516E=0}
4 XMz 1,90SE+00 FXz |, TT79037E+01 FXP= 1,91473BE+01 FXNS »{,357011E+00 FULFLX= 7,778274E=01}
S XMz 2,T40E+00 FX= 1,779037E+01i FxPs {,829i02E+0} XNs =4,606514E=01 FULFLXI 7.796212E%0}
6 XMz 3,17SE+Q0 FR= 1,779037E+01 FXxP= 1,779037E+01 FiAN= 0,000000E+00 FULFLXS 7,463765E=01
7 XMz 3,B10€+00 FA= 1,779037E+401 FXP= 1,779037E+01 FXN=. 0,000000E+00 FULFLXS 1,537066E=01
8 XM= 4,4USE+00 FXs 1,779037E+401 FXP= {,779037E+01 FXN= 0,000000E+00 FULFLXS 9,B865331Ew02
9 XM=z S,Q080E+00 FXz {,779037£+401 FxPz 1,779037E+01 FXN= 0,000000E+00 FULFLXZS 7,675099E=02
10 XM= S5,715E+00 FX=s {,779037E+401 FxPz= 1,779037E+0] FXNz 0,000000E+00 FULFLXZS 5,950782E=02
11 XMz 6,350E+00 Fxs 1,779037k+01 FxP= 1,779037E+0]1 FXNs 0,000000E+00 FULFLXS 4,519946Ew02

Tab1e3.12C0nvective

Fluxes Through the Combustion

Chamber Crossections



SECTION 4
PARAMETRIC STUDIES OF INJECTOR ANOMALIES

4.1 OBJECTIVE

The objective of the present study is to demonstrate a capability to simulate
two-phase spray flow, heat transfer, evaporation and combustion within the

rocket engines for predicting the effects of reactant injections nonuniformity
upon local and overall heat transfer. For this purpose, six test cases have

been considered. The basic test case has been set up based on the data
specified by NASA. First, four model sensitivity tests were performed to

examine the influence of physical and numerical parameters on the fluid flow

and combustion. The final sixth test case considered an injection nonuniformity,
in which 25% of the central part of the fuel injector had been blocked.

A1l results are presented in graphical form.

4.2 THE COMBUSTION CHAMBER AND INJECTOR GEOMETRY

The configuration of the model combustion chamber employed in the present
calculations is shown in Figure 4.1, The combustion chamber is 0.33m Tong.
Chamber diameter at the injection plane is d0 = 121.92mm and at the throat
dt = 66,04mm, Contraction ratio is approximately 4.

Figure 4.2 presents details of the fuel and oxidizer injector plane. Fuel is
supplied to the injector through the fuel connector (marked FUL on figure 4.2)
and axially enters the triplet injectors. Liquid oxygen enters radially
(connector OX on Figure 4.2) and is distributed through the annular collector
to all oxygen triplet inlets.

Detail C on Figure 4.2 presents the LOX-RP1-LOX triplet. The triplet
arrangement within the injector plane is also shown in Figure 4.2. Note that
due to the specific hole arrangement the injection plane has two symmetry lines.
Therefore, a 90° sector has been used for the numerical simulation studies.

The grid arrangement for the 90° sector of the combustor is shown in Figure 4,3.
A uniform nonorthogonal grid in x-axial, y-radial and z(=0) circumferential
directions with NX:NY:NZ - (21:8:4) is employed for all test cases. Figure 4.3
presents the injector hole distribution and the y-0 grid.

The calculation domain in the axial direction extends up to the throat section
of the nozzle,

4-1
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4.3 BASIC TEST CASE SPECIFICATION

A fully coupled two-phase spray flow, evaporation heat transfer and combustion
with a uniform reactant injection distribution has been considered, Table
4.1 presents a summary of input data specifications for the basic test case.
It includes:

- geometrical data,

- physical parameters, and

- injector data.

During the calculations it has been assumed that oxygen enters the combustion

chamber in a fully vaporized form, while kerosene (RP1) enters in the form

- of discrete jets of the liquid fuel sprays. To describe the gas phase motion

(oxygen + combustion products) Eulerian frame of coordinatés has been used.

The 1iquid phase (fuel) is described in Lagrangian coordinates. The spray

is répresented by 80 individual droplet parcels (16 slot and 5 droplet

diameters). The 11qu1d spray jet, at each injection slot, is represented by 5-initial
droplet sizes-Do.

Figure 4.4 presents assumed droplet distribution function and se]ected
5, 10, 20, 30,: 40 and 60um).

droplet diameters (D@

40 r

35 |

dm
m 20
[%]
15 |-
10 |

5 TN
0 ~

0 10 20 30 40 50 60 70 80

Do (um]
Figure 4.4 Droplet Distribution Function
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Table 4.1 Basic Test Case Data Specification for
Combustion in Rocket Engine Calculations

SPECIFICATION DATA UNIT
Chamber radius at injection plane 60.36 mm
Chamber radius at the throat 33.02 mm
Chamber length (to the throat) 330 mm
Injector type UNLIKE TRIPLET 284 --
Total number of triplets 37 -
Number of fuel holes in 90° sector 9.25 -
Number of oxygen holes in 90° sector 19.0 -
Number of grids (NX:NY:NZ) 21:8:4 -
Total fuel flgw rate 4.632 1bm/sec
through 90~ sector (0.525) kg/sec
Total oxygen flow rate 13.924 1bm/sec
through 90° sector (1.578) ka/sec
Fuel type (C1y ggHp3.23) RP1 -
Fuel molecular weight 167 g/mol
Fuel boiling temperature (RP1) 487 O
Heat of Vaporization (RP1) 56.5 kéal/kg
e 236700 J/kg
Heat of Combustion (RP1) (10457) (keal/kg)
Liquid Fuel Inlet Temperature (zgg 6) (SE)
Density of Liquid Fuel at 300 %k 800 kg/m>
-4
Laminar Vapor Diffusion Coefficient 1.5 - 10 ; kg/ms
Vapor Specific Heat 2000 Jd/kg K
Oxygen Inlet Temperature 150(83) R (K)
(assumed vapor oxygen temperature) 150 K
Operating Pressure 41.37 - 10° N/m2
{600) (psia)
Droplet Median Diameter 27 um

(for distribution function see
Figure 4.5)
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The mass-median droplet diameter of the droplet distribution function

~

(Dpm =

liquid fuel nozzle.

4.4

TEST CASES FOR THE PARAMETRIC EVALUATION,

20-30um) for the triplet injector has been selected based on experimental
data of FANG (Reference 1.).
27um (See Figure 4.5).

For jet diameter 1.85 mm the approximate Dprm is
A1l droplets are assumed to be injected axailly from the

The intent of the model sensitivity study was to asses the behavior of the

model when flow conditions, empirical factors and numerical parameters were

altered
Timited

about selected mean values:

Under the current contract this task was
to five test cases. The selected five test cases included variation in:
- droplet evaporation rate formula,

- vapor fuel reaction rate formula,

- droplet diameter distribution function, and

- Tliquid fuel injection distribution,

presents the basic test case (T0) default parameters and five

test cases (Tl to T5) parameter specification summary. Note that in test

cases Tl -~ T5 only one parameter at a time has been altered; the remaining

parameters were specified as in the basic test T0.

grid has been used.

, Table 4,2 Test Cases for Parametric Evaluation

In a1l cases a 21: 8: 4

TEST TEST CASE DESCRIPTION DIFF. COEF REACTION RATE % OF FUEL HOLES
R kg CONST. P
N?MBER (ms) v FU BLOCKAGE
TO Base case 1.5 - 10'4 1010 0
T1 Doubled evaporation rate 3.0 « 107 1010 0
T2 Halved evaporation rate 0.75 . 10'4 1010 0
T3 Increased reaction rate 1.5 ° 10'4 1012 0
T4 Altered droplet distri- 4 10
bution 1.5 « 10° 10 0
T5 Blocked fuel holes 4 10
near axis 1.5 « 10 10 ~25

Further details of the test cases are described below:
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First two test cases Tl and T2 were designed to investigate the influence
of the vapor diffusion coefficient of D on the rate of evaporation of the
. Tiquid droplets. The evaporation rate formula is exressed as:

- C s
in (1+B) where B = 4£L£%ZI§331 (4.1)

dd _ _ 4pD

dt = pdeD

and in the basic test case, the diffusion coefficients D has been estimated

to be: 107° m2/s (see reference 2 page 204). The oD is obtained as:

5
_ P-M Cp . 8l x10°-196 L6 . -4 kg
oD 83147, U F T B3A600 107 = (Ls 2.) x 107 5o (4.2)

In the basic test case (T0) value of pD equal to 1.5-10'4l%% has been used.

For model sensitivity studies, this value has been respectively doubled (Test
Case T1) and reduced to half (Test Case T2).

Influence of the Reaction Rate Constant

The two step combustion reaction rate scheme employed in the model assumes
Arrhenius reaction rate expressions in the following form:

b

m__) fu. exp(—Efu/RT) (4.3)

a
.F
) g,

Rfu B Rfu(mfu

a b C

R, = Rolmg) < (m ) CO(mcoz) 0 exp(-E_ /RT)  (4.4)

where a fu b s, b ,c 0= 1 and

a
fu®> "co’ "co’ ¢

10 (

kg/m3s) E
= 7.10%0 E

co co

P

fu 1.10

18000 (cal/g)
1860

fu

(]

The fuel reaction constant P U in the reaction mechanism is less reliable. At the

.F
same time this reaction provides most of the hear release. In the present
study a test case with Pfu increased to 1.1012'(two order increment) has

been considered to study changes in the flame structur.
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Influence of the Droplet Distribution Function

Liquid fuel injected into the combustion chamber through the axial hole of the
"triplet LOX-RP1-LOX" injector is atomized and sprayed in the form of droplets
of different diameters. Exact specification of the spray characteristics

for the chamber operating conditions is very difficult. Approximate
specification of the droplet diameter distribution function at the injection
location requires knowledge of median droplet diameter (Dm), and minimum and
maximun diameters (Dmin’ Dpax)+ Experimental data by Fang [1] indicate that
the median droplet diameter for the triplet injector and RP1 fuel can be taken

equal to 27 ym, The maximum droplet diameter is estimated as 80 -120 um.

Figure 4.6 presents two assumed droplet distribution functions

at the injection point for basic test case TO (solid 1ine) and for test

case T4 (dotted 1ine). In both cases medjan droplet diameter is similar. In
the test case T4 maximum droplet diameter has been reduced and number

of smaller diameter droplets (15 to 30um) increased.

Table 4.3 presents discrete droplet distribution function (D0 - droplet
diameter and P-droplet population number) for both test cases.

30 -

i
I

.10 . 20 30 . 40 50 60. 70 80
Dy [um'}

\ . i Basic (TO)

——= —= Alternative (T4)

3%

Figure 4. 6 Droplet Distribution Functions at the Inlet (Injection)
to the Chamber for Test Cases TO - T4,
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Table 4.3 Droplet Distribution Function For Basic Test Case TO and Test Case T4.

TO - TEST CASE T4 - TEST CASE

D, p D, p
um - um -

5 20 5 10
10 35 10 30
20 25 20 » 40
40 15 35 15
60 5 50 5

Influence of Injection Nonuniformity

The injector nonuniformity, in general, would require specification of the
following:

a) Tlocation of partially or fully blocked fuel holes,

b) Tlocation of partially or fully blocked oxygen holes, and

c) percentages of blockages.

During the present study, only one test case (T5) of the injection nonuniformity has
been considered for the computations.

It has been assumed that 25% of the fuel holes have been blocked. The blocked
holes are located symmetrically near the chamber axis so the calculation
domain stays unchanged as in the basic case TO,

Figure 4.7 presents the injector hole arrangement, fuel holes blockage
and (y-6) grid distribution at the injector plane. The blocked fuel entry area

comprises 24,3% of the nominal fuel entry area. The fuel mass flow rate through open
holes has increased so as the total flow rate is maintained to be the same
as in basic test case TO.

4.5 RESULTS OF BASE TEST CASE

Presentation of the Results

Figure 4.8 presents typical velocity and pressure contours on an axial (XY) -
plane of the combustor. Figures 4.9 and 4.10 show contours of absolute temperature
(in °k) and contours of vaporized fuel concentrations in all four (X-Y) planes
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Figure 4.7 Injector Plane with Blocked Fuel Holes
Near the Axis of the Chamber (Test Case T6).

Total No. of Holes in 900 Sector: 9%
Blocked No. of Holes : 2%
% Blockage : 24.3%
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of the combustor. Figure 4.11 presents fuel concentrations at three

selected cross-sections of the combustor. Figure 4.12 shows the distribution
of the convective heat transfer coefficient on one (X-Z) plane along the
combustor wall (developed cylindrical surface). Figure 4.13 presents the

heat transfer coefficients variation along the cylindrical wall for each

® - plane. Some of the results of the basic test case TO, such as total
gaseous fuel flow rate, liquid spray rate, etc, are presented and discussed in
the section describing parametric evaluation,

Discussion of the Results

The flow field represented by the velocity vecotor and pressure contours
is typical of nozzle flows. Largest pressure gradient exists near the
combustion throat, and the Towest pressure is also located in the same region.

In the front of the combustor, the gas velocities are relatively low. At
a distance approximately equal to the chamber radius, a large increase in
velocities takes place. At that distance the flame fronts of the individual

triplet injectors are joined and large temperature gradients occur (see figure
4.9),

Figure 4.9 indicates that the flame front is nonuniform in both circumferential
and axial directions. Temperature rise takes place in shorter axial distance
at mid-radii than at small radii (i.e. near the axis)., Note that at 2nd and
3rd XY - plane near the chamber wall there is a recirculation region carring
hot combustion products towards the injection plane.

The largest fuel concentration gradients exist in the front part of the chamber
where droplets enter hot combustion zone and intensive evaporation takes place.
The smallest droplets evaporate in a short distance after entering the reaction
zone creating a region of significant interphase mass transfer. The largest
droplets penetrate further into the chamber and create a zone of reacting

vapor fuel along the trajectory. Figure 4.14 presents qualitative comparison
between the experimental results (photograph of single triplet flame [1] and calculated
gaseous fuel concentration profiles at K = 2 plane. In both diagrams (Figure
4.14), an enlongated flame shape can be seen. Note that the photograph
represents only a "hot luminous" zone where unburned hydrocarbon creates a
luminous zone. No conclusion can be drawn regarding high temperature zone from
this photograph. Figures 4.10 and 4.11 present the gaseous fuel mass fraction
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HIGH-SPEED PHOTOGRAPH OF OF0 TRIPLET
CARBON FORMATION PHENOMENA, TEST 116

4,14 Comparison between predicted fuel mass function contours and
experital flame photograph.
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contours at different cross-sections of the combustor. Long wakes of the
unburned vapor fuel are generated along the Tiquid jet trajectories (see figure
4.10). 1In Figure 4.11, the streams of unburned vapor fuel are represented

by concentric semicircles.

Distribution of heat transfer coefficients I at the cylindrical wall is

shown in Figure 4.12 (contour map) and in Figure 4. 13 (distribution curves).
From Figure 4,13, it is seen that the heat transfer coefficient is increasing
with the distance, with the maximum being near the throat region. Similar
observation has been reported in experiments. Note that T is quite nonuniform
in the circumferential direction, especially in the upstream part of the
chamber. The heat transfer curves at k = 2, 3, and 4 are quite similar. At

k = 1, howevar, heat transfer coefficients are significantly smaller (see also
Figure 4.12).

The outline of the grid and injection hole arrangement, shown in Figure 412,
reveals that as compared with k = 2, 3, and 4 in the k = 1 plane, oxygen

holes are at the shortest distance from the wall., This results in lower
velocity and temperature (cooling effect) and Tower heat transfer coefficient I

The cooling effect may have been overpredicted due to grid coarseness at

the large radii. Additionally, the influence of the oxygen jet is "averaged"
(or smothered) over the entire grid volume. For better resolution, calculations
with finer grid or alternative injection specification would be required.

4.6  RESULTS OF PARAMETRIC STUDIES

TEST T1 and T2: Influence of Diffusion Coefficient D 1in Evaporation Formula

The evaporation rate dD/dt is proportional to the diffusion coefficient D
(see Equation 4.1). Assumed variants in the diffusion coefficient, viz:

Tl : oD = 3.0x 10"% kg/ms
TO : oD = 1.5x 107 kg/ms
T2 : op = 0.75x 10”7 kg.ms

is approximately equal to the limits .of uncertainty for this factor.

Figure 4.15 presents the axial variations of liquid fuel flow rate calculated
for test cases TO, Tl, and T2, The results show that:

a) Tlarger D creates higher evaporation rates and shorter penetration
of Tiquid fuel jets;
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b) in case T1, liquid is totally evaporated within 3/4 of the chamber
length; _

c) in the other two cases, only droplets with the largest initial
diameter D0 can be found at the throat. The liquid fue] flow
rates at the exit are:

. ) _ -4 . 0 .
for TO & ;= 3.10 . (fee. 0.01% of My ;o ipa)s
C . - "'3 O [

for T2 : mLiq ’4.10 , (i.e. 0.7% of mLiq. 1nj)'

Detailed flow patterns indicate no major differences between the flow field
and heat transfer in all three cases.

Test T3: Influence of the Fuel Reaction Rate Constant PFU

Figure 4.16 presents the axial variations of gaseous fuel flow rate for two-
different fuel reaction rate constants; viz:

010

Case TO with Pry, = 10" kg/n’s 5 and

U

Case T3 with Pr = 10°% kg/n’s.

In the case of larger Pru (Case T3) vapor fuel flow rates in the front part

of the chamber are singificantly smaller that those in the basic case TO. From
temperature contours (Figures 4.9 and 4,17) it can be seen that in the case

of larger PFU’ the flame front is located closer to the injector plane. This
seems physically plausible.

Test T4: Infulence of Alternative Droplet Distribution Function

By changing the droplet distribution, there are no significant changes in the
calculated flow field and heat transfer characteristics. In Test T4, flame
front is slightly closer to the injector plane. Inspection of the dropTet
distribution functions (Figure 4.6) reveals that in Test Case T4 there is a
smaller amount of the finest drops (0-10um) and therefore less vapor fuel
will be evaporated in the front part of the combustor. This probably creates
mixture conditions in Case T4 closer to the stoichiometric than that in base
case TO0.

Test T5: Influence of Injector Nonuniformity (Blocked Fuel Holes Near Axis)

Figure 4.7 presents injector plane with four blocked fuel holes in the 90°
sector. Blocked fuel entry area is 24.3% of the nominal fuel entry area. As
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25% of the Fuel Entry.
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compared to Cases Tl to T4, this test case (T5) shows much more singificant
differences in the heat transfer and combustion within the chamber. Figure
4,18 presents the temperature contours (OK) in four axial plans. The central,
oxygen rich core is significantly cooler than the annular, fuel rich, zone.
Steep gradients in the radial direction in the middle of the combustor
represent the enlongated flame front.

Comparison of Figure 4.12and 4,19 indicates that convective heat transfer
coefficients at the combustor wall are nearly the same for the basic case TO

and blocked fuel entry case T5. This is due to the "blanketing" of the cylindrical
wall by the hot reactive streams of operating fuel spray jets. An equivalent
blockage near the combustor wall, rather than near the axis, is Tikely

to have a much larger influence on the "wall" heat transfer coefficients.

Further parametric studies, were not included in the current work scope, and are
recommended for future.
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SECTION 5 -
MODEL IMPROVEMENTS AND RESEARCH NEEDS

The applications reported in Sections 3 and 4 of this report have demonstrated
the basic capability of simulating three-dimensional, two=phase flows with
evaporation and combustion. The use of Langrangian technique for liquid fuel.
drops has provided necessary flexibility of predicting effects of small
changes in injector plate. geometry and/or flow conditions. Results of
parametric studies have shown that the numerical model responds to changes

in physical parameters in a plausible manner, and thus it can be utilized for
the identification of sensitive parameters.

Several improvements and studies can and should be made for the code to be

a valuable tool in design and performance analysis of rocket engines. The
imprbvements are desirable for both mathematical models of physical processes
built into the code as well as for numerical methods.and solution algorithm
employed. The code also requires verification and sensitivity study for both
single and two-phase flows with and without mass transfer and combustion.

The following three subsections describe recommendations for (a) physical
model improvements; (b) numerical model improvements and (c) code validation
and verification studies.

5.1 IMPROVEMENTS IN MATHEMATICAL MODELS OF PHYSICAL PROCESSES

There are several possible improvements in simulating the spray flow, evaporation
and combustion processes implemented in current version of the code. Further
refinements can be made in simulating the injector and spray atomization. This
section briefly describes basic ideas of selected possible improvements.

Spréy Atomization in Triplet Injectors

The unlike impinging elements accomplish mixing and atomization by direct
impingement of fuel and oxidizer jets., Atomization takes place in the immediate
vicinity of the impingement point. The effect of oxygen jet impingement on

the central fuel stream scatters the fuel stream in the direction normal to the
injection plane (Figure 5.1).



O OUTER ORIFICE
~—— QUTER ORIFICE FLUX

@ INNER ORIFICE
INNER ORIFICE FLUX

(a) loner and outer jets (b) Outer stream momentum
momentum bajanced much greater than inner
stream momentum

Figure 5.1 Triplet Injector Spray Mass Distribution
Experimental data exists (see Review in[3]) for specifying a range of droplet
beams at the atomization point. Such information should be utilized in future
studies and incorporated in if necessary in the code for regular use in analysis
of injector anomalies.

Turbulent Droplet Diffusion

In the present version of the code, turbulent droplet diffusion has been
neglected. This must be improved for future studies. The task of including
turbulent.particle diffusion into the model requires investigations of various
possible approaches. One diffulty is that the fluid properties are constant
within a cell, while the particles are tracked through a cell in a series of

time steps smaller than the cell dimensions. Thus the particles at several time
step positions within a cell see only one set of mean flow properties.

There are two basic approximate techniques for simulating the turbulent
droplet diffusion.

a) random walk method (Dukowicz [4] ) ; and

b) diffusive drift method of Jurewisz[5] and Stock [6].

In both techniques, an isotropic turbulence is assumed. The second technique
seems to be more adequate for "fully coupled" calculations of spray combustion
modeling, and is recommended for inclusion in REFLAN3D-Spray code.

Accurate Evaluation of Thermodynamic and Transport Properties

In the present version of the code, most of the Tiquid fuel properties

(Cinq’ Tsat’ p]iq . .
representation would require sepcification of their functional dependence

on Tocal pressure and temperature.

» etc) have been assumed to be constant. More accurate
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The gaseous species  specific heat formula coefficients (5-order polynomial)

are valid for the "high temperature range" between 500-3000°k. For the Tow-
temperature liquid propellants, two sets of specific heat constants are desired.

5.2 IMPROVEMENTS IN NUMERICAL METHOD AND SOLUTION ALGORITHM

The computational process of the coupled tulerian-Lagrangian analysis is highly
nonlinear. In the present calculations, no special relaxation or Tinerization
of interphase mass, momentum and energy transfer source terms has been undertaken.
Calculations with (11 x 8 x 4) and (21 x 8 x 4) grid caused no numerical
instabilities. However, trial runs with finer grids in the circumferential
direction (21 x 8 x 8) showed slow convergence and oscillatory behavior.

These difficulties must be investigated and remedied before the code can be
regarded suitable for studies of injector anomalies.

Relaxation Practices

Investigations of the relaxation practices and linearization methods are desired.
" For the two-phase flow with mass transfer, possible relaxation practices include:
a) relaxation of the interphase mass transfer rate ;
b) relaxation of the average Tiquid property ¢11q in the transfer
rate expression;
c) relaxation of velocities and enthalpies; and
d) combination of a, b, and c.

Accuracy Improvements

The accuracy of the three dimensional calculations in the Eulerian frame can
be improved by refining the grid in the region of interest and/or by using
higher order differencing methods.

The usefulness of the first practice is often limited by the computer storage,

especially for the reactive flow calculations where twelve or more differential
equations must be solved.

The second approach is higher order finite differencing and has attracted more

attention in the recent publications [7,8,9]. One of the most promising

methods of the accuracy improvement has been developed by the authors [10,11]. The

new method called "Multiflux Conservative Differencing" (MCD), has been

successfully applied in a 2-d4imensional calculation. Results obtained with

the coarse grids 10 x 10 and 20 x 20 compare very well with results on

50 x 50 or finer grids obtained with the other (e.g. upwind differencing)

methods. It is recommended that:(a) MCD be incorporated in REFLAN3D-Spray Code,

and (b) comparative studies be performed to evaluate the improvements due to MCD.
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The second part of the computational algorithm (Lagrangian part) is relatively
new in comparison with the Eulerian part and the computational experience

is still very limited. Some basic studies in the area of Eulerian-Lagrangian
approach would greatly enhance the computational fluid dynamics. New solution
schemes for the homogenous and heterogenous combustion and fluid flow
calculations could be explored.

For the rocket engine calculations, the first improvement should probably be made

in the calculations of the interphase mass source. In the present version of
the code, the source terms are calculated at the grid cells through which
the particles are passing (see Figure 5.2a).

oN TN

a) CURRENT b) pROPOSED

Figure 5.2 Lagrangian Interphase Source Term Calculations for

Eulerian Transport Equations.

Therefore, the mass release is "lumped" in the source at point "P" with no
source for point N. In reality, however, the droplet trajectory represents
an average droplet path and one could expect to have the mass transfer to
the N cell as well. The practice in Figure 5.7b presents an alternate
approach for the source term calculations around the average particle path.
The mass transfer from the liquid to the gaseous phase will be distributed to
both N and P points based on

a) distance weighting factors or,

b) volume weighting factors.

With this practice, implementation of the droplet turbulent diffusion models
would also be more realistic and economical., Simple test cases on a 2-dimensional

grid are recommended as the first step.
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The nonorthogonal grid system and associated Ve]ocity components in the

present version of the code are shown in figure 5.3a. The orthogonal

velocity components, u and v are used on the nonorthogonal grid. Within this
practice it has been a;sumed that the u velocity is driven by the (pp - pw)
pressure gradient. This assumption is valid only if the velocity components
are aligned with the grid lines, or the degree of departure from this condition
is small (say f_30°). A new practice is proposed in which the grid Tines

and velocity resolutes (nonorthogonal) are used figure (5.3b). Most

of the derivations for preliminary testing have been done under CHAM's in-house
development project. Its implementation and numerical test in REFLAN3D-SPRAY
are recommended €o enhance the code capability and accuracy.

S ———— 'T
\%\h\ \-\
1 OW —\$\ 1 . W \’\/
Up 4P T~ I ~~
——-..‘.__\t_\ . —.‘\ P -
E
-1 ° . S~ It . - : S
oS i oS
. . i
'\-—._\F__ \'\—'l-\ )
[ — [ —
CURRENT PROPOSED ‘

Figure 5.3 A Nonorthogonal Grid Systems

Modification of the Code Structure

In the present version of the REFLAN3D Code, COMMON statements are used to
transfer the variables between subroutines themselves.

A more economical method of passing data to a subprogram is through the
argument Tist in the CALL statement. This practice is more economical (small
storage allocation) and offers greater flexibility by "dynamic storage
reservation” option. This practice is also preferred in recently specified °
"NASA Standard Requirements for Digital Computer Programs" |

The modification does not require any changes in the bulk of the coding, and is
recommended for REFLAN3D-SPRAY code.
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Improvements in Solution Algorithm

The current solution algorithm employs a modified version of the SIMPLE
procedure [12] for calculating the hydrodynamic field (u-v-w-p). Fiqure 5-4
presents the flow chart of the iterative scheme employed., Note that after
solving the pressure correction equation, velocities are corrected by using

- approximate velocity-pressure coefficients based on truncated momentum equations.
Therefore, the u, v, and w do not satisfy the full momentum equations with body
forces, large shear stress and interphase momentum transfer. An alternative
scheme which can be useful for flow with high shear stresses and/or with
intensive interphase momentum transfer is shown in Figure 5.5, The scheme
differs from the SIMPLE algorithm in that after the correction of p, u, v,

and w, a second correction is performed based on the Poisson equation for
pressure, obtained from the full (not truncated) momentum equations.

Velocities are corrected using these secondary pressure corrections and the
subiterative loop returns to the "continuity conserving" pressure correction
equation. It is recommended that in the next stage of study, a few variations
of the proposed scheme be ;ested and the most economical one employed for
retention as a permanent feature of REFLAN3D-SPRAY Code.

5.3 VALIDATION AND VERIFICATION STUDY

The calculations of the three-dimensional two-phase flow in rocket engine
combustion chambers undertaken in the present project represent the first
attempt to model 3-D combustion by the Eulerian-Lagrangian algorithm.

Additional validation and verification tests of the present model are required
and recommended. The computational studies should be performed for:

- tests for improvements in physical model and numerical algorithm

(as described in Sections 5.1 and 5.2);

- wider range of physical parameters;

- prediction of single triplet 1hjector flow and combustion
(Experimental results of the relevant case are available in
NASA CR 1169006. The geometry of the combustion chamber and the
photograph of the triplet jet flame are shown in Figure 5.6);
Injector nonuniformity study for several hole arrangements and

injection hole blockages.
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Figure 5.4 Flow Chart of Current Solution Algorithm
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CALCULATE THE INTERPHASE MASS MOMENTUM
AND ENERGY TRANSFER SOURCE TERMS
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Figure 5.5 Flow Chart of Proposed Double Pressure

Correction Algorithm.
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Figure 5.6 Experimental Test Chamber Geometry and OF0 Triplet

Injection Spray Pattern (Reference 1).
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APPENDIX A
INTERPRETATION OF RESULTS AND THE COMPUTER OUTPUT

The computational results discussed in this report are presented in the form

of tables of computer output. and graphical plots of velocity vectors and
contour maps of the dependent variables., This appehdix describes geometry,

grid distribution rotation ahd interpretation of graphical and tabulated results
obtained from the REFLAN3D code.

A.l GEOMETRY AND COMPUTATIONAL GRID

A sample geometry for elliptic flow calculations is presented in figure A.l.
In this particular case a symmetry plane is assumed and only the 180° sector
of the flow region is considered as a calculation domain.

The - fluid enters the cylindrical channel through the front plane which is
partially blocked (Figure A.l), and leaves the channel through the fully
opened exit plane,

The selected grid distribution for this geometry is shown in Figures A.2a and
A.2b respectively Tor two cross-sections viz:
a) XY - axial plane - aligned with the main stream direction, and
b) YZ - cross-section plane - perpendicular to the main stream
direction,

The coordinate directions are selected as:
X - axial direction,
Y - radial direction, and

Z - circumferential direction, (in radians for polar coordinates).

The boundries of the calculation domain are identified as:

West Boundary - located at X = 0,
East Boundary - located at X = Xmax
South Boundary- located at Y = 0
North Boundary- located at Y = YmaX
Low Boundary - located at Z =0
High Boundary - located at Z = Zmax
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Figure A.1 Geometry for test Flow Calculations.
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Figure A.2 also presents staggered grid arrangement and the storage location
of velocity components. Note that "backward boomerang" is used for storing
all three velocity components viz: U-axial, V-radial and W-circumferential,
Seperate arrays are allocated for velocities at the last X-face (UEB), last
y-face (VNB) and last z-face (WHB). A1l scalar variables (p,T,k,e,mfu . e o)
~are stored in the middle of the grid cell.

A.2 INTERPRETATION OF THE PRINTOUT

Figure A3 presents the typical printout of the axial velocity components,
and appropriate diagrams for the output interpretation.

A1l variables (including velocity) are printed in the form of tables; each
table for a particular axial plane (Z = Const) numbered K=1, K=2, etc. For
velocity components additional arrays for:

- east boundary axial velocity UEB,

- north boundary radial velocity VNB, and

- high boundary circumferential velocity WHB are printed too.

Velocities are calculated and printed at appropriate cell faces of the control
volume. Scalar quantities are printed at the grid centers. All variables are
printed in SI-units i.e.

k - kinetic energy of turbulence m2/s2

g - dissipation rate m2/s3

h - total enthalpy J/ kg

T -~ absolute temperature O

f - mixture fractions

Mey = fuel mass fraction

p - pressure (N/m2) relative to the reference point.
u - effective viscosity kg/ms

A.3 INTERPRETATION OF THE GRAPHICAL PLOTS

Graphical representations of the calculation results include:
- velocity vectors «in XY, YZ or XZ plane
- isoline contours of scalar variables in XY, YZ or XZ plane.

The velocity vectors U, are calculated and plotted at the grid centers based
on the Tinear interpolation from the velocity components located at the grid

cell faces (see Figure A.4).
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Figure A.4: Calculation on Velocity Vectors,

The vector U Tength is taken as:

) Uss FUsiqs Ve Veol o
+
lﬁ'ﬂ(mz 1+1J)+(‘IJ; i+l

Figure A.5 presents a typical distribution of velocity vectors for the first XY
plane with an overlayed grid line system and contours of the scalar quantity
(temperature) on the second XY plane.

Additional information for velocity vectors includes printout of minimum (VELMIN)
and maximum (VELMAX) velocity vectors at that plane.

The Tegend for the contours of scalar property ¢ includes:
- plane orientation eg: XY Plane 2;
- name of the contoured quanity: TEMP;

- minimum and maximum value of ¢ within that plane (PHIMAX and PHIMIN);
and

- contour numbers and appropriate contour levels.
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Figure A.5 Example of the Graphical Results Interpretation
MY PLANE 4
VELOCITY PLOTS
UVELMIN  4.9S8E—-01
VELMAX c.262E+01
: : : - 4 - —-— — ——— a—
7/ - pe-y - "~ _— — p——
] . - —— — —r ey
\ - —— —— PU— em———
~ — panawr — = — ———
=

=Y PLANE 2
TEMP CONTOURS
PHIMAX PHIMIN
4.89510E+02 3.0457E+22
CONTQUR LEVELS ARE
3.2190E+02
3.3923E+02
3.5o5eE+02
3.738SE+02
3.9122E+e2
4.,0855E+22
4,2587E+02
4,4320E+02
4.6053E+02
4.7736E+02
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