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A comprehensive computer code (FULLNOZ) has been developed to perform detailed

supersonlc flow, The prowsram represents a sipgnificant advance in nozzle flow
predictions through the coupling of gas/particle nonequilibrium effects, non-
equiitbrium chemistry, turbulent boundarv layers (to determine the effects of
wiall heat transfer and shear atress) and turbulent mixing acrosa streamtubes.

calculations of rocket nozzle flows downstream of the sonic line. The code uses
the streamtube method to Integrate the hyperbolic governing equations of steady
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This report describes the analytical and numerical techniques employed bv the
code, presents results of a sample calculation for the Minuteman Stage 2 nozzle

and gives complete instructions on the preparation of input data and a {ull
FORTRAN listing.
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SUMMARY

This report describes the analytical and numerical techniqu..> utilized in
the development of a fully-coupled rocket nozzle flow computer code (FULL-
NOZ). The code uses the streamtube method to integrate the governing equa-
tions of steady supersonic flow. The elliptic Navier-Stokes equations are
reduced to hyperbolic form by as=uming diffusional effects along streamlines
are small compired to those across streamilines, Finite difference techniques
are then used to solve the hyperbolic equations along and perpendicular to
streamlines.

A

FULLNOZ represents a significant advance in nozzle flow calculations by
coupling the effects ol nonequilibrium chemistry, gas/particle thermal and
dynamic nonequilibrium, turbulent mixing across streamtubes and turbulent ;
boundary layers. Turbulent mixing is treated via a phenomenological eddy '
viscosity model, while the turbulent boundary layer analysis utilizes the experi- ‘
mental data of Keener and Hopkins (which relates the compressible skin fric-
tion coefficient to measured velocitytemperature profiles in flows with favor-
able pressure gradients), the Van Driest transformations and the momentum
integral equation. The operation of FULLNOZ requires the specification of
initial gas and particle properties just downstream of the sonic line, the nozzle
wall contour and temperature, and a chemical 1eaction mechanism and rate
coefficients. The marching scheme proceeds downstrearn computing flow
properties and composition along surfaces orthogonal to a specified number of
streamtubes. A mixed explicit/implicit differencing scheme is used to obtain
the most favorable integration step size.

Y A T

Samnple calculations are presented for the Minuteman Stage 2 nozzle. In
addition, this report describes the preparation of input data and gives a full
FORTRAN listing of the progra.n. .iso included is an analysis of hete oge-
neous electron/ion recombination on particles, although it has not as yet been
incorporated irto the code.
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PREI “-c

This is a report on the work performed on Contract F44620-74-C-0006
covering the period | September 1973 %0 30 April 1975. It is basically a
program user's manual for FULLNOZ, although some additional results ob-
tained during this period, e.g. a preliminary study of how to incorporate
heterogeneous electron-ion recombination into the code, have also been

included.

The authors would like to thank J, T. Kelly for his initial work in the
development of FULLNOZ and Capt. L.R. Lawrence, AFOSR Program
Manager, for his interest, encouragement and support during the development

of FULLNOZ,

This code is available for public use and may be obtained by forwarding
a request and a tape to Lt, Robert Sperlein, DYSP, at the Air Force Rocket
Propulsion Laboratory, Edwards Air Force Base, CA 93523,

This scientific report has been reviewe ! and is approved.
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LIST OF SYMBOLS

streamtube area; also pre-exponentiai term in rate coefficient
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equations
".' &4, ij enthalpy-temperature polynomial coefficients, see Eq. (20)
B activation energy
: Cp particle drag coefficient :
3 Sp normalized drag coefficient, see Eq. (34) :
’ Cppy  free molecular drag coefficient g
g CDI high Reynolds number drag coefficient, see Eq. (35) é
‘ C; mass fraction of ith species 4
: Cg skin friction coefficient, see Eqs. (54) and (59) j
: Cp gas specific heat g
Cs particle specifi~ heat
3 D diffusion flux, defined by Eq. (23) ;
; D diffusion coefficient 3
: F; defined as C;/M; PR
fp ratio of actual particle drag coefficient to the drag coeificient for % 3
Stokes flow |
8p ratio'o.f actual particle heat transfer coefficient to heat transfer 3 ?‘
coefficient for Stokes flow : i
H gas stagnation enthalpy i
H;, shape factor, defined by Eq. (69) ;
‘ H? h:at of formation at 298°K |
4 h gas static enthalpy
h' particle/gas heat transfer coefficient
»' 1 total number of gas species
“ J total number of particle groups
¥ I(p equilibrium constant
E k thermal (eddy) conductivity
kg forward reaction rate coefficient
1 kg molecular *termal conductivity in particle/gds interaction terms




total number of species on left or right side of reaction

specific heat polynomial coefficients
enthalpy constant of integration, see Eq. (31)
entropy constant of integration, see Eq. (32)

C _Dp
turbulent Lewis number, Le = —2;—
Mach number
molecular weight of ith species
streamtube mass flow, defined by Eq. (13)
number of reactions

h'! r

kg

distance normal to streamline, also exponent in Eqs. (57) aad (58)
uC

turbulent Prandtl numbe:, Pr = -—1:2

Nusselt number, Nu =

laminar Prandtl number

static pressure

heat flux, defined by Eq. (22)

wall heat transfer, defined by Eq. (62)

universal gas constant, also value of nozzle radius at each x
Reynolds number based on streamtube width

particle Reynolds number

Reynolds number based on distance along nozzle wall
Reynolds number based on boundary layer momentum: thickness
radial distance from axis; also recovery factor, Eq. (49)
particle radius

distance along streamline

entropy

Stanton number, defined by Eq. (62)

static temperature

recovery temperature
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velocity along streamline

velocity in boundary layer

friction velocity, defined by Eq. (63)
particle velocity normal to gas streamline
production rate of ith species

axial distance from nozzle starting line
distance from nozzle wall

molar concentration

Greek Letters

numerical stability coefficient for marching scheme, see Eq. (29)
ratio of specific heats

Gibbs free energy

change in ® across streamtube

boundary layer thickness

displacement thickness

finite difference mesh spacing in n direction

finite dilference mesh spacing in s direction

angle between streamline and plume axis; also boundary iayer
momentum thickness

respectively; final, initial and intermediate streamline radii of
curvature

T/1000, used in Eq. (30)

kinematic viscosity

stoichiometric coefficient on left hand side of reaction
stoichiometric coefficient on right hand side of reaction
eddy viscosity

molecular viscosity in particle/gas interaction terms
gas density

particle cloud density

density of liquid or solid particle

shear stress, defined by Eq. (21) and Fz. (60)

multiplication
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Subscripts

aw

Lo T T

summation

adiabatic wall
compressible
wall streamtube
free molecular
gas

ith species; also, incompressible

pavticle group identification index
streamtube index

orthogonal surface index; also refers to species on left or right
hand side of reaction in Eq. (6)

mth reaction

differentiation in direction norma’' to streamlines
stagnation value

particle

differentiation in streamline direction

totai

wall
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I. INTRODUCTION

This report describes a new fully-coupled rocket nozzle code (FULLNOZ)
which treats, simultaneously, gas/particle nonequilibrium, nonequilibrium
chemistry, diffusion across streamlines, and turbulent boundary layers within
axisymmetric and two-dimensional nozzles, Because of its fully-coupled capa-
bility FULLNOZ can be applied to a wider range of problems than such existing
rocket nozzle codes,! as TDK! (which does not account for gas/particle non-
equilibrium effects), the nozzle portion of the CONTAM*" ccde, the original con-
stant y gas/particle nonequilibrium code of Nickerson and Kliegel® and the
recently-developed gas/particle and chemical nonequilibrium code developed at
Lockheed/Huntsville.* The emphasis in the present code has been on an accu-
rate calculation of nozzle exit plane gas and particle properties (particularly
major and minor neutral and charged species conc¢entraticns), rather than on
the determination of specific impulse, although FULLNOZ is well equipped to
calculate Igp.

1 e.g. none of these codes calculate turbulent boundary layers.

1. "ICRPG Two-Dimensional Kinetic (TDK) Nozzle Analysis Computer Pro-
gram," Dynamic Science Corp., December 1973 (revised version).

2. Hoffman, R.J., English, W.D., Oeding, R.G., and Webber, W.T.,
"Plume Contamination Effects Prediction: The CONTAM Computer Pro-
gram, ' Final Report, Air Force Rocket Propulsion Laboratory, AFRPL-
TR-71-109, December 1971.

3. Nickerson, G.R. and Kliegel, J.R., "‘Axisymmetric Two-Phase Perfect
Cas Performance Program,'" TRW Systems Report No. 02874-6006-R000,
Vols. I and II, April 1667,

4. Penny, M.M. and Smith, S.D., "Supersonic Gas-Particle Flows, Includ-
ing Reacting Chemistry," JANNAF 8th Piume Technology Meeting,
Colorado Springs, CO, July 1974,
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FULLNOZ is based on the MULTITURE code developed by Boynton, 3
which incorporates the streamtube method? (described by Boynton and Thomson®)
to integrate the hyperbolic governing equaticns of steady supersonic flow, The
major routines incorporated into FULLNOZ which are not in MULTITUBE in-
clude (1) particle/gas nonequilibrium, (?) n.onequilibrium chemistry and
(3) turbulent wall boundary layers. Briefly, in the streamtube method the
elliptic Navier-Stokes equations ¥ are reduced to hyperbolic form by assuming
that diffusional effects along streamlines are small compared to diffusion
across streamlines, This assumption is very good for rocket nozzle (and plume)
flows and enables one to solve an initial value problem (where a marching pro-
cedure can be used) rather than the more difficult boundary value problem. The
gas flow equations, in finite-difference form, are solved along and perpendicu-
lar to streamlines while a full continuum particle cloud system of equations is
incorporated for the condensed phase.

The advantages of using the streamtube method over the method of charac-
teristics in calculating rocket nozzle (and plume) flows are:

* Species diffusion, shear, and heat transfer normal to streamlines
are easily included.

* Chemical reactions or internal relaxations are easily incorporated
since the calculation follows streamlines.

* Bounding surfaces and gradients normal to streamlines are treated
without difficulty; and

* A wide variety of boundary conditions including mass transfer, shear
and heat transfer can readily be incorporated.

1 In contrast to the abovementioned codes,! “4 which all use the method of
characteristics,

! using the Navier-Stokes equations as a base the technique can readily

be extended, vith the proper boundary conditions, to low density nozzle
flows.

5. Boynton, F.P., "The MULTITUBE Supersonic Flow Computer Code, "
General Dynamics/Convair GDC-DBB 67-003, February 1967,

6. Boynton, F.P. and Thomson, A., "Numerical Computation of Steady,

Supersonic, Two-Dimensional Gas Flow in Natural Coordinates, ' J.
Computational Phys. 3, 379-398 (1969).

10
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Figure 1. FULLNOZ schematic.

Operation of the code is achieved by specifying (1) initial gas and particle
properties in the supersonic region just downstream of the nozzle throat,
(2) the nozzle wall contour, (3) a chemical reaction mechanism and rate coeffi-
cients, (4) physical properties of the particles, and (5) the nozzle wall tempera-
ture (for the boundary layer calculations), With the above input data the march-
ing scheme steps from one orthogonal surface to the next (Fig. 1) computing
gas and particle properties within a specified number of streamtubes. The
(essentially) continuous particle size distribution is represented by up to a
maximum ot 8 discreet particle sizes, All particles cross the gas stream-
lines, but the lighter particles follow the gas streamlines more closely than the
heavy particles. As depicted in Fig, 1, limiting particle streamlines are com-
puted for each particle size. At each orthogonal surface (i.e. each integration

1

It would be useful to incorporate an "initializing'" scheme which utilizes
comb-stion chamber properties as initial conditions, computes flow
properties through the transornic region and establishes an initial super-
sonic data line. Such a scheme, developed by Nickerson and Kliegel,®
is contained in the codes of Refs. 1-3, and with additional programming
could be inserted into FULLNOZ.

11
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step) the code calculates wall shear stress and heat transfer, boundary layer
displacement thickness and velocity and temperature profiles. The shear stress
and heat transfer are coupled to the main nozzle flow via their effect on the

wall streamtube properties.! The turbulent boundary layer analysis utilizes
the Van Driest’ transformations and the experimental data of Keener and
Hopkins, ® which relates the compressible skin friction coefficient to ‘neasured
velocity/temperature profiles in flows with favorable pressure gradients (see
Section II.C.4). The boundary layer momentum thickness is computed via the
momentum integral equation, using the wall streamtube pressure, velocity, etc.,
as the boundary layer 'edge' conditions. The displacement thickness is then
determined from the velocity profile and momentum thickness,

The code will not handle shocks that might originate from the nozzle wall
in turning the flow. The flow in the region of the shock will be treated as a
strong compression wave. ¥

! This implicitly assumes that the boundary layer momentum and energy
thicknesses are smaller than the wall streamtube thickness. This will
generally be true for high Reynolds number nozzle flows. Provision is
in the program, however, to transfer momentumn, heat and mass across
streamtubes, so that if an appropriate transfer coefficient can be defined
the boundary layer effects can be "felt! throughout the flow,

Nozzle shocks could be incorporated into FULLNOZ in a manner similar
to that employed in the AIPP code?!? to detect internal plume shocks, but
this would require additional programming.

7. Van Driest, E.R., "Turbulent Boundary Layer in Compressible Fluids, "
J. Aeron. Sci. 18, 145-160 (1951).

8. Keener, E.R. and Hopkins, E.J., "Van Driest Generalization Applied to
Turbulent Skin Friction and Velocity Profiles Measured on the Wall of a
Mach 7.4 Wind Tunnel," AIAA J. 11, 1784-1785 (1973).

9. Pergament, H.S. and Kelly, J.T., "A Fully-Coupled Underexpanded
Rocket Plume Program. (The AIPP Code). Part I. Analytical and
Numerical Techniques,' AeroChem TP-302a, AFPRL-TR-74-59,
November 1974,

10. Pergament, H.S. and Kelly, J.T., "A Fully-Coupled Underexpanded
Rocket Plume Program (The AIPP Code). Part II. Program User's
Manual, "AeroChem TP- (in preparation).
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The code was written for operation on a CDC 6400 computer and requires

3 approximately 122 K (octal) of core storage. For operation on machines with

E: larger core storage Lhe user may want to increase the dimension of some param-
. eters, such as total number ¢f species (25 maximum) and total number of

reactions (40 maximum).

This report serves primarily as a program user's 'manual,T but also con-
tains all the governing equations (Section II) and the results of some preliminary
parametric calculations for the Minuteman, second stage nozzle (Section IV.A),

3 The user should be cautioned that, although the code has been formally debugged ,
for several test cases, extensive calculations have not (as of April 1975) been

3 made; therefore some operational problems may be experienced. If these do

| occur, please contact the authors.

STl 14 15748 ol b R SRAS S N S

1I. GOVERNING EQUATIONS

This section gives the governing differential ard finite-difference equa-
tions used in the code. Also included are the auxiliary equations for calculat-
ing thermodynamic and chemical kinetic properties of the system, zas/
particle drag and heat transfer coefficients and turbulent boundary layer
properties.

: A, Differential Equations

1. Gas Phase

For most high Reynolds number nozzle flows of interest the turbulent
transport of mass, momentum and energy throughout the main nozzle flow
will be negligible. Thus in the equations that follow all transport terms will
be identically zero. In practice this is achieved by setting ITURB (Card ¢,
Cols, 56-60) equal to zero. If turbulent diffusion across streamtubes is to be
included due either to initial non-uniformities or to the propagation of boundary
layer effects across the flow, appropriate (constant) values of the eddy trans-
port terms, u, Pr and Le will have to be input on Card 10, If 2 suitable expres-
sion for edly viscosity in terms of local properties can be developed for trans-
port across streamtubes within nozzles, this expression can easily be added to
the program in subroutine TRANSP.

1-

The same numerical integration techniques and similar program logic is
. 10 : . .
incorporated into the AIPP code,”*? to which the reader is referrcd for
additional information on program subroutines,

13
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The drag (fpj) and heat transfer (gpj) factors are defined as, fpj = CDRep/ 24
and gp; = (Nu/2) ('1'p - ".l'x.)/('l'p - T), where T, is the recovery temperature

based on the relative velocity between the gas and particle,

The following auxiliary expressions are required:

-

Species Production

o M'i c L v:m
. em » - Y :
v; ) z (vi,m v{.m) [kfm l?x |
m=1 B
k L V' -’
-~ g Yzl'm_; (6)
I=1
Equation of Staté
RT z -ﬁ:'
i-
Stagnation Enthalpy
o (8)
H = — + h(T)

2

2. Particles

For the condensed phases present within the flow a continuum pasti-
cle cloud assumption is made and thereifore field conservation equations for
continuity, momentum and energy can be written for the particles. The
(essentially) continuous distribution of particle sizes at each point in the flow
is modeled by several groups of constant size particles representative of the
distribution, For a given group, j, the conservation equations, written ina
streamline oriented coordinate system are:

15
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The effects of chemical reactions on the surface of particles are not
included in this analysis,
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(10)
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(12)



When the particle undergoes a phase change (liquid to solid) it is kept
at the solidification temperature until the total heat of solidification is released
(via radiative and convective heat transfer) to the gas.

B. Finite-Difference Equations

A finite difference formulation of the gas phase and particle cloud govern-
ing equations is utilized on a grid which lies along and perpendicular to the
streamlines,

1. Gas-Phase c

The momentum and energy equations (Eqs. (2), (3) and (5))are solved
via an explicit finite-difference marching technique, whereas the species
continuity equation (Eq. (4)), utilizes an implicit finite difference formulation
developed in an earlier study at AeroChem.!! This mixed form of the differ-
ence equations is necessary for the economical operation of the present code
since, for near-equilibrium chemistry, the explicit finite-difference form of
Eq. (4) leads to stability-limited (impractically small) integration step sizes.
Equations (2), (3) and (5) are left in explicit form since the required integra-
tion step sizes for stability are reasonable; an implicit formulation of these
equations would unnecessarily complicate the calculations,

To minimize the effects of large tube-to-tube property variations on
the calculation of streamline curvature, a VonMises-type transformation is
employed, i.e.

m=21rS pur dn (13)

Using Eq. (13) the finite difference forms of the differential equations become:

Global Continuity

My ® pk,l-l-luk,lhAk,l +1 (14)

11. Mikatarian, R.R., Kau, C.J., and Pergament, H.S., "A Fast Computer
Program for Nonequilibrium Rocket Plume Predictions, " Final Report,
AeroChem TP-282, AFRPL-TR-72-94, August 1972,
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(17)

The species mass fractions at station k 1 11 (Ci, k,l+1) are determined
by linearizinyg the chemistry terms ( (W )k) and inverting the resulting
matrix (see Ref. 11).
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where in Eqs. (15), (17) and (18),

(pkl Mr.t pk-:-x.z“k+x.z)

(mkﬂ"”.“k)

T = -2%

2
T 2oy, T )
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2 B : T A
D, = - dwry 2(“k+x,1 * “\) (pk+1.1 Drsia TP D‘x,z) (Ci,kh,z' (Ci, k1)
, X
(mkﬂ + mk )

(23)

~. Particles

The finite difference forms of Eqs. (9-12) are:

Continuitz

k
k k
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J

]
o
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(24}
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3. Integration Step Size

The integration step size must be limited in order to perform a
stable calculation. The stability of the explicit finite difference scheme for
solving the gas dynamic equations is discussed by Boynton and Thomson,®
who show that the stable step size for laminar flow is determined from,

-1

1 1 (28)
8s S é.ZB [Re * 2 i/ ]
(M? - 1)7%

For turbulent flow the eddy viscosity replaces the laminar viscosity in the
expression for Re.T The step size determined from Eq. (28) may not be
sufficiently small if the chemistry is very '""fast", Thus, an additional
“"chemistry' control has been incorporated into the code: at each integration
step (orthogonal surface) the species mass fractions are tested for sign., If
any C; goes negative the integration step size is halved and the calculations
are repeated until the C; in question becomes positive or the step size be-
comes less than the minimum aliowable step size. In the latter case the
program terminates.

The particle cloud system of equations (Eqs. (9-12)) contains deriva-
tives related only to the convection of mass, momentum and energy. In the
momentum and energy equations, the convection terms are equal to the
particle/gas interaction terms, Unlike the gas flow equations the particle
equations have no wave or diffusive nature. Consequently when these equa-
tions are solved explicitly there is no stability limitation on the integration
step size and the step size can be determined from Eq. (28).

4, Solution Procedure

The gas phase and particle cloud finite difference equations are
solved on a grid consisting of the streamtubes and the surfaces orthogonal to
them, as illustrated in Fig. 1. All gas and particle flow properties, stream-
line positions and angles must be known along the initial orthogonal surface
downstream of the throat (M > 1). Starting with the first streamtube (adjacent
to the axis) the streamtubes are extended a distance §s to a downstream sur-
face, utilizing the radius of curvature, (Gg)! obtained from the normal momen-
tum equation (Eq. (16)) and the known initial pressure distribution along the

1

Eq. (28) is not, of course, valid in the limit, Re =~ 0, In that case (i.e.
5 1/2
the situation for most practical nozzle flows), 6s < —22 {Mz-l] / .

22

Py

e oo Y UG

PRFS CINRT Y NSRRI S

[




o Y T o T ST T e T

surface. The resulting streamtube areas are then used {o determine all the
necessary gas propertics at the downstream surface from Egs. (14), (15),
and (17)-(23). The transfer of mass, momentum and energy into or out of
each streamtube is arranged such that what is lost from a given streamtube
is gained by the adjacent tube. Thereby mass, momentum and energy are
automatically conserved.

In order to render this marching scheme conditionally stable a single
iteration on the radius of curvature calculation is required,6 with the new value,
(68)”, determined using the downstream surface properties. (6g)” is then
combined with (6g) in the following expression,

(8g) = (1 -e)(8)" + a(6s)” (29)

This new value for the radius of curvature is then used in the calculation, A
value for a of 0.55 is used in the present code. (The scheme is conditionally
stable for @ 2 1/2).

After the gas phase equations have been solved for the first stream-
tube the particle properties are determined by sequentially applying the parti-
cle momentum, continuity and energy equations. The calculation of gas and
particle properties then moves outward to the next streamtube and the proce-
dure is repeated up to the last streamtube' where boundary conditions must
be aprlied.

C. Auxiliary Calculations

1. Thermodynamic Input Data

The thermodynamic data are input via curve fits of specific heats!?
of individual species in the JANNAF tables.!®> These curve fits have the form,

Cp, = Ly + Lgy® + Ly @2+ L, @°+L;, 7% cal/mole-°K (30)
1

t In general the limiting particle streamlines for each particle size will
not extend to the last streamtube.

12. Cruise, D.R., "Information Manual for the Theoretical Propellant
Evaluation Program, ' Naval Weapons Center PEP NOTE TN-U-1 (plus
additions), December 1964,

13. JANNAF Thermochemical Tables (Dow Chenucal Company, Midland,
Mich, ), continuously updated.
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where & = T(OK)/XOOO. The enthalpy is then expressed as,

T
h = So Cpi dT + Ly; kca}/ mole (31)

C

where L‘i = H‘} - S Cp dT; Hz being the heat of formation at 298°K.
0 i

The entropy is expressed as,

T dT o
S; = So Cpi T + Lo cal/mole-"K (32)

where Lq; is the entropy integration constant. The coefficients L, - L; are
input on Card group 8.

2, Chemical Kinetic Input Data

Ten possible reaction types are included in the program:

Reaction Type

(1) A+ B = C+D
(2) A+B+M= C+ M
(3) A+ B = C+D+E
(4) A+ B = C

(5) A+ M = C+D+M
(6) A+ B - C+D
(7) A+B+M—=C+M
(8) A+ B - C+ D+ E
(9) A+ B - C

(10) A+ M -~ C+D+M

Reaction types (6)-(10) correspond to reaction types (1)-(5), but procecd in
the forward direction only. In Reactions (2), (5), (7) and (10), M is an
arbitrary third body. In this program, all species are assumed to have equal
third body efficiencies,
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The forward rate coefficient, k¢, is input to the code as one of the
following 8 types

Rate Coefficient Type?

(1) ke = A

(2) ke = AT

(3) ke = A'r"zl

(4) k = AT"?

(5) k¢ = A exp(B/RT)
(6) ke = A'I‘.';.exp(B/RT)
(7) ke = AT 2

(8) ke = ATY exp(B/RT)

The equilibrium constant, K_, is determined from

p’

In Ky = - AG/RT (33)

where the Gibbs free energy, A G, for individual reactions is computed from
the input thermodynamic data.

1 Rate coefficient data for typical rocket nozzle and plume reactions may
be found, e.g., in Ref. 14.

b 14. Jensen, D.E. and Jones, G.A., "Gas-Phase Reaction Rate Coefficients
for Rocketry Applications, ' Rocket Propulsion Establishment Technical
Report No. 71/9, October 1971.
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3. Particle/Gas Drag and Heat Transfer Coefficients

The momentum and energy exchange (via convective heat transfer)
between the small diame'er particles and the combustion products in the
nozzle cannot adequately be described by simple theoretical expressions (e.g.
Stokes law).!* Empirical correlations of drag and heat transfer coeificients
developed by Crowe!® have therefore been incorporated in the particle/gas
interaction terms (see, e.g. Eqs. (2), (3), and (5)).

a. Drag Coefficient - The drag coefficient has been correlated by Crowel!®
in terms of a normalized value,

Cp = (éD - Cp)/(Cpgyy - Cpy) (34)

where CDI is the drag coefficient at very large Reynolds number and CDFM is

the free molecular drag coefficient. Note that for Rep << 1, ED ~ 1, while
for Rep >>1, Cph~ 0.

The expressions needed to evaluate Cp from Eq. (32) are:

CDI = 0.66 + 0,26 [exp(4 ln.M'.p)-l] +0.17 exp -Z.S(InMp/l.‘l)z] (35)
_ a2 4.2 . ;
Cp = exp(- 51/2) (1 4 a5y 4 HELEST 2L g5 +-§- Ve (36)
FM NT 5,3 25, NT/T,
where, S, = Vy/2 My (37)
Cp = G(Kn) D(Kn, Rep) (38)
Kn* exp(1.2 Kn**
G(Kn) = —n_—exp(l-2Kn ') (39)

1 + Kn%* exp(1.2 Kn"%)

15. Soo, S.L., Fluid Dynamics of Multiphase Systems (Blaisdell Fubl. Co,
Waltham, Mass., 1967).

16. Crowe, C.T., "On the Momentum and Heat Transfer Equations for Two-
Phase Plumes, " Washington State Univ,, March 1971.
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(40)

M
Kn = 1.26 Ny R—-P (41)
.. -
P
= 42
and, Cp, = 24/Re, (42)
The expression used in the particle/gas interaction terms is then,
C
fp = FFF D (43)
Cp
o

where FFF is a factor (input on Card 15, Cols, 1-10) used to arbitrarily vary
Cp to account for uncertainties in the above analysis.

b. Heat Transfer Coefficient - Heat transfer from the particle to the
gas is expressed in terms of a Nusselt number as,

qQ = 2w rp Nu k(T, - T,) (44)

p

1

where T is the recovery temperature. From Crowe ¢ we get the following

expression,
+1
Nu = Nugp + -Y--;— Re Pr_ exp(-Rey/2Mp) (45)
5yl -
Nugp = Nug/( 1+ 3T Mp/RepPry) Nu, ) (46)

Nu, is the Nusselt number in incompressible flow, expressed as

Nuy = 2,0 + 0,459 Rep*® Pr % (47)

P
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The recovery temperature is defined as,

Tr = T + r( (u-upP + vpz)/ch (48)

where the recovery factor r is!é;

r = 0.9 + (rpy - 0.9) exp(-Rep/ZMp) (49)
and
M ° ;—-}_l (Z +0,67 exp(-Mz/ﬁ)) (50)

The expression used in the particle/gas interaction term is,

Nu T -Tr
gp = FFG-—?:- "',?;"_—:i.- (51)

where FFG is a factor (input on Card 15, Cols, 11-20) used to arbitrarily
vary gp to account for uncertainties in the above analysis.

D. Turbulent Boundary Layer I:‘.quationsT

The turbulent compressible boundary layer analysis is initiated by
calculating the corresponding adiabatic flat plate, zero pressure gradient,
incompressible boundary layer properties, based ona 1/7 power law!’

1

The "free stream' properties (subscript 'e') for the boundary layer
analysis are taken to be the properties in the last (wall) streamtue. It
is implicitly assumed that the boundary layer displacement thickuess is
smaller than the width of the wall streamtube.

17. Schlicting, H., Boundary Layer Theory, 6th Ed. (McGraw-Hill, New
York, 1968), p. 599.
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velocity pro ofile.t Expressions for the incompressible momentum and bound-
ary layer thickness are,

G.i(x) = 0.036/Re,’? (52)

51(")

The incompressible skin friction coefficient is evaluated from the Karman-
Schoenherr relation.

10. 286 0 ;(x) : (53)

c:Fi = [17.08 (logy Reei)z + 25.11 loggo Reei + 6.012] ! (54)

Transformation from the compressible to the mcompresszble boundary
layer is accomplished via the Van Driest equations,’ whtch relate the velocity
and temperature profiles as follows,

T -T

T =¥ _ L 55)
SR <
e

T It was originally anticipated that the complete boundary layer equations
including nonequilibrium chemistry would be solved by finite differences
and coupled to the nozzle flow solution. A number of boundary layer
codes are available, including tnose of Herring and Mellor!® and the
Aerotherm BLIMP code,'’® which would be very useful for this purpose.
However, initial attempts to incorporate the BLIMP code into FULLNOZ
showed that it would take more effort than was warranted at this time.
Consequently, a more simplified analysis was incorporated into the
present code.

18. Herring, H.J. and Mellor, G.L., "A Method of Calculating Compressible
Turbulent Boundary Layers,' NASA CR-1144, September 1968,

19. Tong, H., Buckingham, A.C., and Morse, H.L., "Nonequilibrium
Chemistry Boundary Layer Integral Matrix Procedure," Aerotherm
Final Report No. 73-67, July 1973,

20. Hopkins, E.J., Keener, E.R., and Louie, P.T., "Direct Measurements
of Turbulent Skin Friction on a Monadiabatic Flat Plale at Mach Number
6.5 and Comparisons with Eight Theories," NASA TN D-5675, February
1970.
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| T, = (TtJL )" (56)

Equation (56) becomes the Crocco relation for n = 1 and the quadratic for
ns= 2.

A general expression between T/ Te and u/ U, can then be written

T /U \? ru o\
o - A\Ue) + B( 5 ) +c (57)
where
Tte Tte T, T,
Ae (i (gom)ice T

From Back and Cuffel,? wall cooling (Ty, < T,y ) tends to make the
exponent n closer to 1.0, while wall heating causes n to approach 2 or more.
The value of n selected here was 1.2, It was determined by fitting recent
data of Keener and Hopkins® for which, T, /T,y = 0.32. (This corresponds
to a wall temperature of 1000-1300 K.) Equation (57) was used to generate a
table of T/ Te VS, U/Ue. which is then used to determine the compressible
skin friction coefficient via the Van Driest transformation

C

c { 1, Te /2 U }z l
5 " L(F) o) 68
The Stanton number was determined frora the relation
S = 0.35 Cfc (59)

which is supported by the experimental data of Back and Cuffel®! for accelera-
ting flows.

2l. Back, L.H. and Cuffel, R.F., "Relationship Betwcen Temperature and
Velocity Profiles in a Turbulent Boundary Layer along a Sapersonic
Nozzle with Heat Transfer," AIAA J. 8, 2066-2069 (1970,
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Wall shear stress and heat transfer are then calculated from

1 2
‘i‘ Pe U e Cfc (60)

G = SypeUe Cp (T, - T,) (61)

In order to obtain the velocity profiles the friction velocity profile,
(U/UT)i = f(U/Ue) is first determinéd from another Van Driest transformation,’

l/z S;U/Ue ('-ri:E )yl d(-‘-’ge—) (62)

where the friction velocity is defined as,

U R A R PSR
—
N
c
Sle
——
"
— i-'
.9|~
0 ]
N

f The values of yU/v are normalized by exp{[U/Uy max -5.05]/2.5} to

avoid the calculation of the v profile in the boundary layer.

Y/
2
2
UTi = (Pe Ue Cfi/zpw) (63)
(y/é)i is then obtained from the standard incompressible boundary layer
profilesz
| s g u
em— ———— <
: - = U’ U'r 5 (64)
yU su/u,r + 3.05‘( u
-_— = exp: ’ 5 £ — < 13096 (65)
yu (v/u, - s.05)
— = exp<' 35 \', -LT;> 13.96 (66)

22. Kays, W.M., Convective Heat and Mass Transfer (McGraw-Hill, New
York, 1966).
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Another Van Driest transformation yields (y/). = (y/s);. Once the com-
pressible profiles are known, 8/4, §*/5, and the shape factor are determined

o/s = S: (U—"e)(l- a‘-’;) d(%’-) (67)
o = §, (1-8) a(F) o

o*/6
H: = 57 (69)

The variation of momentum thickness along the nozzle is determined via
integration of the momentum integral equation,

C
f dau dp
¢ . do 1 P o % o
=~ = 3o + [Hez+2]e T, i +Pe — * |§ o (70)

t

by the use of backward differences.’ ¢§ and §* are then evaluated from Eqs.

(67) and (68).

III, PREPARATION OF INPUT DATA

All necessary information for preparing input data is given below; Fig, 2
defines some of the input for a sample case. Many of the input parameters
that are left blank are used in the companion rocket plume code!® (AIPP), but
not in FULLNOZ.

t This requires that a throat value of O be assumed.
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D X

x8(3)
(8)=x8() x8(2) R8(3)
(8)sRB(I) RB{2)

K=8

KMAX:=8
NBL(J)= 7 ONOSP (J)
LAST STREAMTUBE
CONTAINING PARTICLES PARTICLE vﬁ\ﬁg‘}f
OF SIZE GROUP ¢ V5.0 }I*I.NPG
LIMIT OF
PARTICLE CLOUD
OF SIZE GROUPJ
: i ; . TR ) ) T
L1}
Figure 2. Input data definitions.
Card Fortran
No. Cols, Name Description Format
1 1-10 NDATA Number of data sets; in present ver- 1,10
sion of code data sets cannot be
stacked; therefore NDATA =1
2 1-80 D Run identification 20A4
3 1-10  NSEC Maximum run time (sec); when run I.10
time reaches NSEC nozzle properties
at last orthogonal surface are punched
and can be used to continue the calcu-
lation, (Not operational in present
version of code )
Approximate distance (cm) along axis E12.5

11-22 DXLSS

between orthogonal surface print sta-
tions. For control of print increment
by number of integration steps (KP,
Card 5, Cols, 11-15) instead of axial
distance, make DXLSS larger than
XLMAX (below)

33
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Card Fortran
No. Cols. Name Description
3 3 23-34 XLMAX Maximum distance (cm) along axis for
which calculations will be made.
XLMAX should be set somewhat larger
than axial distance to nozzle exit plane
in order to complete calculation at last
wall point
4 1- 5 ITYPE Inner boundary condition (nozzle axis)
Set ITYPE =1
6-10 IKIND Outer boundary conditicn; set IKIND=1
for wall boundary condition
11-15 Not used; leave blank
16-20 Not used; leave blank
S cl-25 Not used; leave blank
: 26-30 IBUGSH Debug printout index;
0 - No debug printout
1 - Extensive printout for debugging
| 31-35 Not used; leave blank
36-40 Not used; leave blank
’ 41-45 Not used; leave blank
46-50 IPART Particle indicator;
0 - No particles
1 - Particles in flow
51-55 Not used; leave blank
56-60 ITURB Turbulent flow indicator;
0 - Inviscid
3 - Constant values of turbulent mix-
ing parameters, p, Pr and Le are
input on Card 10
5 1- 5 KMAX Initial number of streamtubes plus oae
(axis is counted as K=1; maximum is
40)
1
6-10 NN

Number of terms for Cp polynomial
curve fit plus one; for curve fits sup-
plied with program,!? NN=6. If fewer
coefficients arc used for a given
species NN is left at b and zeroes are
input for the missing cocfficients (sec

Card 8)

34

Format

El2.5

15

15

15

I5

FAN

JENUNS 5 TR

L At e Te

PR e WL P

e e e AT ar SR




Card Fortran
No. Cols. Name Description Format i
5 11-15 KP Output control; number of orthogonal ! ‘

surfaces between print stations, To
control print via axial distance (DXLSS,
Card 3, Cols, 11-22) instead of orthog-
onal surfaces set KP larger than
LPLANE (Card 5, Cols. 36-40)

16-20 MMAX Number of points needed to describe 15
shape of inner boundary; always set
equal to 2 for axis boundary

kA,

kb AR b

21-25 NMAX Number of points required to define 15
nozzle wall coutour (50 maximum)

Folldar,”,

26-30 NDS Total number of gas species in flow 15
(25 maximum)

31-35 NITER Maximum number of iterations allowed 15
for iterative solutions (e.g. calculation
of streamtube propertics for variable
Y)
Recommended value: NITER = 50

36-40 LPLANE Maximum number of integration steps 5
for entire calculation

i e . 1 Sl

41 -45 IKINE Number of chemical reactions s
(40 maximum)

0

NOTE: IF NO BOUNDARY ILAYER CALCULATIONS ARE TO BE
MADE CARD 6 MAY BE LEFT BLANK, BUT MUST BE

Atk

INCLUDED !
i

6 1- 5 TWALL Nozzle wall temperature (°K) F5.0 j
(assumed constant) :

8 IBLFLG Boundary layer property printeut Il %
indicator; ‘

0 - Print Re, 6,, 04, Cg, U, 6, 8, ’

(3 P Cfc/cfl' Hiz qy, Ty

1 - Print above plus velocity and teim-
peraturc profiles
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Card
No. Cols.

Fortran
Name

Description Format

10-18

19-27

28-36

37-45

NOTE:

8.1.1 1-13
14-26
27-39
40-52

IBL

ALPHAH

EPSLON

TOL

DELTA

ATOL

Boundary layer calculation 11
indicator;

0 - Do not calculate boundary layer

1 - Calculate boundary layer

Factor that multiplies maximum stable F9.4
step size (see Eq. (28)); Recommended
value: ALPHAH = 0.8

Amount by which streamtube Mach num- F9.4
bers must exceed one in order for the
calculation to continue. Recommended

value: EPSLON = 0.01

Convergence tolerance for iterative F9.4
solutions; Recommended value:
TOL =1%x10"*

Metric exponentT; F9.4
0 - Two-dimensional flow
1 - Axially symmetric flow

Maximum allowable fractional change F9.4
in streamtube area per step. Recom-
mended value: ATOL = 0.1

CARD GROUP 8 DEFINES THE THERMODYNAMIC DATA

FOR EACH SPECIES. THERE ARE 2 CARDS PER SPECIES

AND NDS SPECIES

A1)
A(2)
A(3)
A(4)

synmunetric flow,

tl Specific heat polynomial con- E13.5
Lz stants for first species, see
L3 Section II.C.1 (cal/mole °K)

‘

' The particle conservation equations are written only for axially
Thus two-dimensional solutions can only be
obtained for flows withuut particles.
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Card Fortran
No. Cols. Name Description Format
8.1.2 1-13  A(5) Ls, Specific heat polynomial con- E13.5
stant for first species
14-26 A(6) L¢, Enthalpy constant of integration E13.5
for first species
o 298
( AH - . Cp dT) (kcal/mole)
27-39 CS(1) L,, entropy constant of integration
for first species (cal/mole °K)
E
8.NDS. 1 Repeat thermodynamic data for NDS
8 NDS.2 species
NOTE: CARD GROUP 9 IDENTIFIES EACH SPECIES AND

901 l" 4

13-24

25-36

37-48

49-60

61-72
73-80

SPECIFIES VARIOUS TRANSPORT PROPERTIES.
MUST BE IN SAME ORDER AS CARD GROUP 8

IDENT(1)

MUO(1)

TO(1)
OMEGA(1)

PR(1)
sc(1)
MW (1)

Species name; first species (the A4
remaining data on Card 9.1 also apply
to the first species)

Viscosity at reference temperat‘.u.re'r El2.4
(g/cm-sec); only used when flow

contains particles, FOR IPART = 0,

MUO MUST = 0 FOR ALL SPECIES

Reference temparature for viscosity El2.4
(°K)

Exponent describing viscosity/tem- El2.4
perature relationi p =T

Reciprocal of species Prandtl number E12.4

Reciprocal of species Schrnidt number El12.4

Species molecular weight ES8.2

t Values for common gases can be found in most physics and chemistry

handbooks.,
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Fortran
Name

Description

Format

Repeat for each specics

NOTE: CARD 10 IS NOT NEEDED IF ITURB = 0 (CARD 4,
COLS. 56-60)

Card
No. Cols.

9.NDS

10 1-10
11-20
21-30
NOTE:

11 1-12
13-24
25-36

12.1.1 1-12

13-24

25-36

i 37-48

49-60

61-72

120102 l‘lo

TLE
TPR
EDDYK

Turbulent Lewis number (constant)
Turbulent Prandtl number (constant)
Eddy viscosity, g/cm-sec (constant)

CARD GROUPS 11 AND 12 DEFINE THE LOCATION OF
THE INITIAL ORTHOGONAL SURFACE, AND THE FLOW
ANGLE, PRESSURE, TEMPERATURE, VELOCITY AND
SPECIES MASS FRACTIONS WITHIN EACH STREAMTUBE

X(1)

R(1)

PHI(1)

X(2)
R(2)
PHI(2)
P(2)
T(2)

u(2)

C(1,2)

Initial axial position on inner boundary
(cm)

Initial radial position on inner bound-

ary (cm); usually equal to 0 for axis
boundary

Initial flow a.ngleT on inner boundary
(radians); usually equal to 0 for axis
boundary

Axial position at outer boundary of first

streamtube (cm)

Radial position at outer boundary of
first streamtube (cm)

Flow angle at outer boundary of first
streamtube (radians)

Average pressure in first streamtube
(atm)

Average temperature in first stream-
tube (°K)

Average velocity in first strcamtube
(ecm/sec)

Average mass fraction of first species
in first streamtube

! Flow angle is defined as the angle between the flow velocity vector

and the axis.

38

El2.4

El2.4

El2.4

El2.4

El2. 4

El2.4

El2.4

El2.4

El2. 4

E10,3
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Card Fortran
No. Cols. Name Description Format

12.1.2 11-20 C(2,2) Average mass fraction of second species E10,3

in first streamtube. .

71-80 C(8,2) Average mass frac?tion of eighth species E10.3
in first streamtube

12. 1.1(NDS
NOTE: I(IiD-—S) DENOTES THE NEXT INTEGER LARGER
THAN (-N—I?E) REPEAT CARD 12.1.2 TO INCLUDE
NDS SPECIES, 8 SPECIES/CARD
12.2,.1 1-12 X(3) Axial position at outer boundary of El12.4
. second streamtube (cm)
[ ) [ ]
61-72 U(3) Average velocity in second streamtube E12.4
(cm/sec)
12.2.2  1-10 C(1,3) E10.3
[ [
[ ] [ ]
71-80 C(8,3) .
NDS . . y
12,2, I(——) C(NDS, 3) Average mass fraction of last species E10,3
. in second streamtube

[ ]
12. (KMAX 1).1 1-12 X(KMAX) Axial position at outer boundary of last E]2.4
(KMAX-1) streamtube (cm)
L ]
NDS . .
12, (KMAX 1) I(—— 3 ) C(NDS, Average mass fraction of last species E10,3
i KMAX) in last streamtube

‘ NOTE: CARD 13 DEFINES THE POSITION OF THE INNER

BOUNDARY
13,1 1-12 XW(1) Initial axial position (cm); repeat of El2.4
X(l)onCard 10
13-2¢ RW(1) Initial radial position (cm); repeat of E12.4

R(1) on Card 10

s -

39

© e e s a8 o e b Sigrn a3 s >




Card Fortran
No. Cols. Name

13.1 _ 25-36 PHIW(1)
37-48  PW(1)
49-60 SW(l)

13,2 1-12  XW(2)

13-24 RW(2)

25-36 PHIW(2)
37-48 PW(2)
49-60 SW(2)

}

Description

Lecave rest of card blank; program
will determine these inner boundary
propertics

Axial distance greater than XLMAX
(Card 3, Cols. 23-34)(cm). Since the
inner boundary is an axis the program
will interpolate lincarly between XW(1)
and XW(2) to get axial locations of
orthogonal surfaces. Therefore, set
XW(2) =1 x 10!

Final radial position of inner boundary
(cm); since inner boundary is an axis
set RW(2) equal to R(1) on Card 11

Leave rest of card blank; program
will determine these inner boundary
properties

NOTE: CARD GROUP 14 DEFINES THE POSITION OF THE
OUTER BOUNDARY (NOZZLE WALL CONTOUR)

14.1 1-12 XB(1)

13-24 RB(l1)

14.2 1-12 XB(2)

13-24 RB(2)

s

Format

El2.4
El2.4
El12.4

El2.4

El12.4

El12.4
El2.4 .
El2.4

Initial axial position of nozzle wall (cm); El2.4
equal to X(KMAX) on Card 12. (KMAX-1\.1

Initial radial position of nozzle wall
(em); equal to R, KMAX) on
Card 12.(KMAX-1).1

Axial position (cm) of second point along

nozzle wall

Radial position (cm) of second point
along nozzle wall

14, NMAX 1-12 XB(NMAX) Final axial position (cm) of nozzle wall

13-24 RB(NMAX) Final radial position (¢m) of nozzle wall

NOTE: CARD GROUPS 15-19 AND 20-24 (OR 25-32) ARE
INCLUDED ONLY IF PARTICLES ARE IN FLOW,
i.e. IPART = 1 (CARD 4, COLS, 46-50)

15 1-10  FFF

Factor which multiplies particle/pas
dray coefficient (sce Section I1.C. 3)

t~n

El2.4

El2.4
El2.4

E12.4
E12.4

E10,3



Card Fortran

No. Cols. Name Description Format
15. 11-20 FFG Factor which multiplies particle/gas E10.3

heat transfer coefficient (see
Section 1. C. 3)

21-30 CL Liquid particle specific heat (cal/g-°K) E10.3

31-40 CS Solid particle specific heat (cal/g-°K) E10.3

41-50 HTRAN Particle heat of solidification (cal/g) E10.3

51-60 WT Particle molecular weight E10.3

16 1-10 RHSS Particle density (g/cm’) £E10.3
11.20 Not used; leave blank
21-30 Not used; leave blank

31-40 TPS Particle solidification temperature (OK) E10,3

17 1- 5 NPG Number of particle groups (8 maximum) 15

6-10 NC Index noting whether particle properties 15

are constant or variable along initial
orthogonal surface

0 - constant

1 - variable

NOTE: NBL( ) INDICATES RADIAL EXTENT OF EACH
PARTICLE GROUP ALONG INITIAL ORTHOGONAL
SURFACE (SEE FIG. 2); DEFINED AS LAST
STREAMTUBE NUMBER CONTAINING PARTICLES
PLUS 2. FOR EXAMPLE, IF THE FIRST PARTICLE
GROUP EXTENDS TO STREAMTUBE NO. 12,

NBL(1) = 14

18 1- 5 NBL(1) Last streamtube containing first particle  I5
group along initial orthogonal surface
(streamtube number + 2)

NBL(NPG) Last streamtube containing NPG particle IS5
group (streamtube number + 2)

19 1-10 RP(l) Radius of first particle group {(cm) 8E10.3

RP(NPG) Radius of NPG particle group (cm)




Card Fortran
No. Cols. Name Description Format

NOTE: IF PARTICLE PROPERTIES ALONG INITIAL ORTHOG-
ONAL SURFACE ARE CONSTANT (NC = 0) CARDS 20-
24 ARE INPUT; IF NC = 1 THE NEXT CARD GROUP IS

NO. 25 5
20 1-10  WI(1) Velocity of first particle group in stream- E10,3 5
line direction (cm/sec)
11-20  WI(2) Velocity of second particle group in E10.3
. ¢ streamline direction (¢cm/sec) .
« ° ° o .

WI(NPG) Velocity of NPG particle group in stream- E10,3
line direction (cm/sec)

21 1-10  VvI(Q1) Velocity of first particle group normal EI10.3 j
to streamline (cm/sec) ;
11-20 VI(2) Velocity of second particle group normal E10,3 :
. . to streamline (cm/sec) . !
[ ] [ ] [ [

VI(NPG) Velo;:ity of NPG particle group normal to E10,3
streamline (cm/sec)

§
22 1-10 TPI(1) Temperature of first particle group (OK) E10.3 '
11-20 TPI(2) 'I;emperature of second particle group E10.3
. . ( K) . .
. " e . °

TPI(NPG) Temperature of NPG particle group (°K) E10.3

23 1-1"  RHP(1) Particle cloud density of second particle E10.3
group (g/cm’)

11-20  RHPI(2) Particle cloud density of second particle E10.3
. . group (g/cm’) .

RHPI(NPG) Particle cloud density of NPG particle E10,3
group (g/cm’)

12
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Card Fortran
No., Cols. Name Description Format

NOTE: IF A PARTICLE GROUP IS AT THE SOLIDIFICATION
TEMPERATURE THE AMOUNT OF HEAT WHICH HAS
BEEN TRANSFERRED FROM THE LIQUID PARTICLES
(i.e. SOME FRACTION OF THE TOTAL HEAT OF
SOLIDIFICATION) IS INPUT ON CARD 24. IF THE
PARTICLE TEMPERATURE IS ABOVE OR BELOW THE
SOLIDIFICATION TEMPERATURE, DENGI(J) =0
(3 =1, NPQG)

24 1-10 DENGI(1) Heat transferred from first particle E10.3
group at solidification temperature (cal)

11-20 DENGI(2) Heat transferred from second particle E10.3

group at solidification temperature (cal)
L]

DENGI(NPG) Heat transferred from NPG particle El0.3
group at solidification temperature (cal)

NOTE: IF PARTICLE PROPERTIES ALONG INITIAL ORTHOG-
ONAL SURFACE ARE VARIABLE (NC = 1) CARDS 25-32
ARE INPUT (SEE FIG. 2)

25.1 1-10  Ww(1,1) Streamwise velocity of first particle E10.3
group at r = 0 (cm/sec)

11-20  W(1,2) Streamwise velocity of second particle E10,3
. . group at r = 0 (cm/sec) .

W(1,NPG) Streamwise velocity of NPG particle E10.3
group at r = 0 (cm/sec)

26,1 1-10  v(1,1) Normal velocity of first particle group E10.3
at r = 0 (cm/sec); generally =0
11-20  v(1,2) Normal velocity of sccond particle group E10,3
. . at r = 0 (cm/sec); generally =0 .
[} L] L ] [ ]

V(LNPG) Normal velocity of NPG particle group E10,3
at r = 0 (cm/scc); generally = 0

k !




Card Fortran
No, Cols. Name Description Format
27.1 1-10 TP(1,1) Temperature of first particle group at E}0.3

r = 0 (°K)
11-20 TP(1,2) Temperature of second particle group  E10.3
)
* ¢ atr =0 ("K)

TP(1,NPG) Temperature of NPG particle group at  E}0.3
r =0 (K)

28.1 1-10 RHP(1,1) Particle cloud density of first particle E10.3
group at r = 0 (g/cm?)

11-20 RHP(1,2) Particle cloud density of second particle E10,3
group at r = 0 (g/cm?)

RHP(1,NPG) Particle cloud density of NPG particle E10,3
group at r = 0 (g/cm’®)

|
29.1 1 -5 ICOND(1,l) Index which indicates whether first parti- I5
cle group is at solidification temperature
atr =0
ICOND = 0; No
=1; Yes

e

6 -10 ICOND(1,2) Same as above for second particle group 15
[ ] [ ] [ ]

ICOND(1,NPG) Same as above for NPG particle group 15

30.1 1-10 DENG(l,1) Heat transferred from first particle E10.3
group at r = 0 at solidification tempera-
ture (cal) (See NOTE on page )

11-20 DENG(l,2) Same as above for second particle group E10.3

e s m—— o~

DENG(1,NPG) Same as above for NPG particle group E10.3

25,2
r 26.2
27,2 Same as 25.1, 26.1, 27.1, 28.1, 29.1,

28,2 and 30.1, except for first streamtube
29.2 .
30.2

R
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Card Fortran

No. Cols. Name Description Format
25.(NBL-1) )

26.(NBL-1) *

27.(NBL-1) Same as above excrpt for last stream-
28,(NBL-1) tube containing pa -ticles

29.(NBL-1) "

30.(NBL-1)

NOTE: CARDS 31 AND 32 LOCATE THE INITIAL BOUNDARY
OF EACH PARTICLE GROUP

31 ' 1-10 TRBDY(l) Distance from axis, along initial orthog- E10,3
onal surface, to boundary of first particle
group (cm) (see Fig, 2)

11-20 TRBDY(2) Same as above for seccnd particle group E10.3 !
L ]

TRBDY(NPG) Same as above for NPG particle group E10,3

32 1-10 DNDSP(l) Distance from outer boundary of last E10.3
streamtube containing particle to boundary
of first particle group at initial orthogonal
surface (cm) (see Fig. 2)

11-20 NDNDSP(2) Same as above for boundary of second El0.3
. . particle group . .

°  DNDSP(NPG) Same as above for boundary of NPG
particle group

NOTE: THE FOLLOWING CARDS CONTAIN THE REACTION
MECHANISM AND RATE COLEFFICIENTS. USE ONLY
IF IKINE (CARD 5, COLS. 41-45) IS GREATER THAN
0. (SEE SECTION II.C.2 FOKk REACTICN AND RATE
COEFFICIENT TYPES )

33.1 1- 4 1ZD(1) Species A A4
7 + sign
8-11 1ZD(2) Spccies B A4
14 + sign
15-20 Blank or M A4
5




Card Fortran
No. Cols. Name Description Format
33.1 2i = sign
22-25 1zD(3) Species C A4
28 + sign (if needed)
29-32 1zD(4) Species D A4
35 + sign (if needed)
36-39 12ZD(5)  Species E A¢
49-50 IRR Reaction type (1 to 10) 12
51 IRT Rate coefficient type (1 to 8) Il
52-59 RC(1) Pre-exponential factor, A E8.2
(cm-molecule-sec units)
60-63 RC(2) Temperature exponent, N F4.1
. 64-72 RC(3) Activation energy, B (cal/mole) F9.1
.
33.IKINE Same as above for IKINE reaction

16
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IV. PRELIMINARY RESULTS

This section gives the results of several sample calculations made with
FULLNOZ and an analysis performed to determine heterogeneous electron-
ion recombination rates in solid propellant nozzle flows.
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Figure 3. Comparison between Method of Characteristics (MOC)

and FULLNOZ calculations of MM-Stage 2 nozzle
pressure distributions,
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Figure 4. Comparison between Mecthod of Characteristics (MOC)
and FULLNOZ calculations of MM -Stage 2 nozzle
gas temperature distributions.

A. Sample Calculations

Initial calculations with FULLNOZ were compared with calculations for
the Minuteman, Stage 2 nozzle using a two-phase constant y method of
characteristics (MOC) code.® The purpose of this comparison was to check
the numerical accuracy of the code. Input data for the calculations are given
in Ref, 23.

Figures 3 and 4 show the pressure and temperature distributions along
the centerline and wall (with no boundary layer effects). The pressure dis-
tributions compare very well, but FULLNOZ temperatures are slightly
higher than those calculated via the MOC code. The centerlinc gas tempera-
ture calculated with FULLNOZ shows a morc pronounced effect of gas/parti-

23. Pergament, H.S. and Mikatarian, R.R., "Predictions of Minuteman
Exhaust Plume Elcctrical Properties,'" AeroChem TP-281, July 1972,
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cle interactions than was demonstrated by the MOC code. The results of a
short run with FULLNOZ, including a set of 10 reactions involving H,/CO

chemistry, (see Ref, 23 for the reaction mechanism and rate coefficients)

are also showr on Fig. 4.

Figuves 5 and 6 show the influence of boundary layer heat transfer and
shear stress on the temperature and velocity within the wall streamtube.
The largest effects are observed for the cold (500°K) wall; when the wall is
near the adiabatic wall temperature.(= 3000°K) the results are similar to
those for no boundary layer.
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Figurc 5. Influence of nozzle boundarv layer on wall streamtube
temperature,
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-

Figure 7 shows the boundary layer velocity and temperature profile at
the nozzle exit plane; Table | demonstrates that the boundary layer displace-
ment and momentum thicknesses are much less than the wall streamtube
thickness, i.e. all boundary layer effects are confined to the wall streamtube.

Figures 8 and 9 show the resul:s of a parametric series of calculations
in which the gas/particle drag and heat transfer coefficients were arbitrarily
varied (via the factors FFF and FFG on Card 15) over their approximate
ranges of uncertainty to test the effect on exit plane :nd particle properties.
Figure 8 shows that varying FFF and FFG can have significant effects on gas
ternperatures and velocities. Figure 9 demonstrates that the 4p diameter
particles can be eitl.cr at the solidification temperatureor completcly solidified,
depending on the value chosen for FFG.
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Figure 7. Boundary layer profiles at MM -Stage 2 nozzle exit plane,

TABLE 1

NOZZLE EXIT PLANE BOUNDARY LAYER PARAMETERS
MM-Stage 2 (Ref. 23)

Nozzle Exit Radius =60.9 ¢m
Axial Distance From Throat = 134 cm

Wall Temperature, °K

500 3000
Wall Streamtube Width, cm 1.24 1,38
Boundary Layer Thickness, ¢m 4,45 2.50
Displacement Thickness, cm 0.451 0.196
Momentum Thickness, ¢ 0.355 0.161
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B. Heterogencous Electron lon Recombination

One of the unanswered questions in determining nozzle exit plane electron
mole fractions is the extent to which heterogencous electron/ion recombination
on the surface of solid particles can enhance homogeneous electron/ion recom-
binatior rates. Towards this end we have adopted a model developed at
AeroChem by Calcote, Kurzius and Silla?* in which a negatively charged parti-
cle (particles arc negatively charged because the electrons will reach the sur-
face more rapidly than positive ions) is neutralized by positive ions striking
the surface. Thus. instead of requiring a three-body collision for recombina-
tion, only a two-body collision between the solid particle and positive ion need
occur. To a first approximation the particle electron recombination rate can
be equated to the rate at which positive ions strike the solid particles. How-
ever, if negative ions are present (for typical solid propellants mole fractions
of C1” are from 2 to 3 orders of magnitude greater than electron mole frac-
tions) the electron recombination rate will decrease, since some of the posi-
tive ions will react with negative ions rather than electrons.

The solid particle electron recombination coefficient, ap g is defined from

dn
e

T )p T ™ )

where ne is electron density, t is time, n, is positive ion density and np is the

particle numbe:i density. If particle diameters are small compared to the gas
mean free path' (free molecular flow) and the electron densities are suffi-
ciently high that the particles remain negatively charged, ap, is essentially

the random ion flux to the particle (with a correction factor for negative ions),

-1

“/ n m_ !
ap, = wr’ %‘%) z[u(—n-e-)(-r;f )/2] (72)

T

If particle diameters are not small comparced to the mean free path correc-
tions will have to be made to the expression for @p -

e
24. Calcote, H.F., Kurzius, S.C., and Silla, H., "Solid Propellant Flame
lonization and the Liffect of Chemical Additives," Third Radar Attcnua-
tion Symposium, CPIA Fubl. No. 46 (Applicd Physics Lab., Johns
Hopkins Univ., Silver Spring, 1964), pp. 17-40,
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where r is the particle radius, k is the Boltzmann constant, T is the gas
temperature, my, me, and m_ are the nasses of positive ions, electrons and
ncgative ions, respectively, aud n_ is the negative ion density.

Equations (71) and (72) represent the formal method for incorporating
heterogencous electron/ion recombination into FULLNOZ, However, we must
also account for the possibility that, at the high temperatures near the nozzle
throat, the particle is emitting clectrons via thermionic emission, Under
these conditions a steady state is achieved by balancing the random current
density to the particle (from the plasma) by thermionic emission. Equating
these electron currents results in a "critical" electron density for which the
net current flow to the particle is zero and an initially neutral particle will
remain neutral. This critical electron density is defined by,

(ne)er = B (%) Tg% exp[ -11, 605 Ew/Tp] (73)

where B is the thermionic emission constant, T_ is the particle temperature,
T, is the gas temperature and E is the effective work function of the particle
in volts. Thus, heterogencous electron/ion recombination is only of potential
importance for ng > (ng)cps

The technique adopted to incorporate the above equations into FULLNOZ
is:

I. At each integration step determine whether the local electron
density is greater than the critical electron density. (During the
initial stages of the expansion process, where particle tempera-
tures are very high it is likely that ng < (ng)cp-)

2. If ne < (ng)¢p then electron/ion recombination will not be significant
and Eqs. (71) and (72) will not be employed.

3. If ng > (n.)., Egs. (71) and (72) will be incorporated directly into
the general kinetic scheme (with possible corrections to Eq, (72)

due to non-free molecular flow effects),

The above procedure has not as yet been incorporated into the code.
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APPENDIX C

SAMPLE OUTPUT - EXPLANATIONS

The first page of output contains all the input data on Cards 1-5 and 7, '
followed by the species identification data (Card 9) and the distributions of -
properties along the initial orthogonal surface. The units of each variable .
are identical with those used for the input data. These are followed by the

axis location and the nozzle wall contour.

The standard printed output at each value of KP (Card 5, Cols. 11-15)
or DXLSS (Card 3, Cols. 11-22) gives properties for each streamtube, from
K (streamtube index) = 2 to K =t KMAX. In addition to the usual output* i.e.
X, R, PHI, T, P, U, the following properties are printed:

MA Mach number
DELY streamtube width (cn)
H enthalpy (cal/g)
HT stagnation enthalpy (cal/g) f 7
TAW shear stress at tube interface (dynes/cm?) )
Q heat flux at tube interface (cal/cm?-sec) :
PT dynamic pressure (atm) §
RHO density (g/cm®)
SX distance along streamtube (cm)
SUMDOT total mass flow bounded by streamtube (g/sec) !
Cc species mass {raction %
X species mole fraction
wDOT apecies production rate (gfcm?® sec) 5

only for ' Fl total mass flow of species up to present streamtube

viscous (gfsec)

flows \ Y/ species flux at tube interface

* X and R refer to the coordinates of the outer boundary of streamtube
while the flow properties ire average values across the streamtube.




Boundary layer parameters, if computed, are printed between the tube
properties and the composition data in the last streamtube (at downstream print
stations). The following parameters are printed:

RES Reynclds number based on distance along wall

DELTAI boundary layer thickness (incompressible)

THETAI momentum thickness ('mcompre;sible) ’

CFl skin friction coefficient (incompressible)

UFI friction velocity (incompressible)

DISP displacement thick;xess

DELTAC boundary layer thickness

THETAC mcmentum thickness

CFC skin friction coefficient

Hi2 shape factor (= DISP/THETAC)

QWALL heat flux at wall (cal/cm?-sec)

TAUWALL  shear stress at wall (dynes/cm?)

U/UE B. L. velocity profile (UE = velocity in last tube)

T/TE B.L. temperature profile (TE = temperature in last
tube)

Y/DEL location in B.L. (DEL = DELTAC)

If IFART = 1, particle properties are printed; first, a NAMELIST of
the input data on Cards 15 through 19 (and 20 through 23 for NC = 0), followed
by the initial particle properties in each streamtube., The standard particle
print gives the downstream and cross-stream velocity, temperature, Reynolds
number 2nd particle cloud density for each particle group and total particle
rmomentam JJux, {or each streamtube. Siace, typically, the limiting particie
streamlines are within streamtube KMAX the outer tubes will contain no parti-
cies Limiliag particle streamlines are noted as, 'BOUNDARY OF PARTICLE
PHASE A7 3 = X. XXXXX!, followed by the radial position of the limiting parti-
cle streamiine for ¢ach particle group. If the particles are im*ially in the
11quid vhace the program will print where they st2zt tuo Lolidily.
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