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FOREWORD

The present report describes a rocket nozzle_turbuientlboundary layef
~ heat transfer rate parametric study using three different computerrprograms.

This investigation, entitled ROCKET ENGINE THRUST CHAMBER HEAT TRANSFER
CALCULATION AND ANALYSIS, was condicted for the Propulsion and Thermodynamics
Division of MSFC, National Aeronautical and Space Administration under the
grant No. NGRO1-001-024 with Klaus W. Gross zs technical ménitor.r
Hrishikesh Saha of Alabama Agricultural aﬁd Mechanical University was the
principal investigator,

This research program contributed extensibely to improve faculty aﬁd
student-research capability at the Alaﬂama AGM University and this support
'by_NASA—MSFC is greatly appreciated.

The author wishes to‘acknoﬁledge the helpfullassistance'dnd advice
rreceived frém Mr. Klaus Wj’GTOSS'and Alfred Krebsbach, NASA-MSFC. The
author would also like to express his appreciation to Mr. Marion I. Kent,
Assistant Director, University Affairs, NASA,MSFC, for “his effort in

making this grant possible.
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ABSTRACT

A parametric study of the heat transfer rate alonglthe wall of a
rocket nozzle is presented. The influences of different parameters;\'
Laminar and turbulent Lewis number, mixture ratio, initial wall températurer
distribution, and eddy viscosity, are considered in this study.

The numerical evaluation of thcse'infiuences on heat transfer rate
is done by using three different cpmbressible, reacting Laminar.and
turbulent boundary layer éomputer programé; MABL (Mass Addition Boundary
Layer‘Program), MAEL—KE (MABL program is modified to include turbulent
kinetic energy equation), and BLIMP (Boundary Layer Integral Matrix
'Procedure];

This study also provides an éxcellent opportunity to evaluate the
éfficiencies of these three computer programs and to suggest one of them
for future computational pﬁrposes. As described in the recommendations;
the suggested prograﬁ needs furthef improvements; in its mathematical
modei and numerical solution method, to be used as a standard computing

procedure for comparison with future experimental results.
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SECTTION I
INTRODICTION

Boundary layer behavior along the walls of a rocket
nozzle plays an important role in the Qerformance of a
rocket engine. The shear layef determines part of the
thrust loss of the nozzle and the energy layer controls
the heat transfer to the wall and the wall temperature.
There is a need for a computer program which can calculate
boundary layer properties and effects for flows with large
pressure gradient, chemical resctions, and a wide variety
of wall conditions.,

Accurate ﬁaat transfer prediétion for regeneratively
cooled thrust chamber ié of yitél'importance, since the
increased energy level of the coolant haé a direct impact
on the énginé performarice. Heat transfer'rate has also an
effect on the contour design and material selection of the
thrust chamber wall,

" The primary purpose of this report is to present the
results of a comparative study of boﬁndary léyar heat trans;
fer rate at a nozzle wall, computed by the computer programs
presently avallable at the MSFC Propulsion aﬁd Thermodynamics
Division and also to select one of the programs suitable for
further studies of the S3ME characteristics, |

The computer programs presantly availabls at_NASA~MSFC
for prediction of heat transfer rate in a rocket nozzle hound-

ary layer are
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a) MABL { Mass Addition Boundary Layer, Rof. 11%12).
b) MABL-KE ( MABL modification to inelude turbulent kinetic
ehergy equatlon, Ref. 19).

¢) BLIMP ( Boundary Layer Infagral Matpix Procedure, Ref.23-25).

Short descriptions of these programs with respect to thelr,

. - basic assumptions made to seb up the governing equatlons

)

of the boundary layer flow ineluding discussions of the con-
servation equations, turbulence model, coordinate transforma-

tion, and boundary conditions, and

" = mmerical techniques and analysis which led to the computer

solutions,
are given in section Z.

For the sake of completensss, a short derivation of tha
steady state compressible tgrbulent boundary layer.equations
for two dimensional and axisymmetric flows of chemically re~
acting mixtures is given in the appendlxo ‘The turbulent kin~
etic energy equation to compute eddy v130031ty is also includ-‘
ed in the appendix.

Section 3 contains the various turbulence model, definitliouns,
and presently available computational formulés of the laminar |
and turbulent transport coefficients and parameters; cooffic-
ients of molecular, —visoosity,Jm;, thermal conductivity, K,
end diffusion, :Dij , and eddy viscosity £, eddy conductivity
Kpy, eddy diffusivity Dp, and Prandil number, R”.Lewis‘number,
L, and Schmidt.numher, 3, This section also contains a deri-
vation of the heat flux equation used in different computer

programs.
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A parametric study of the heat transfer rate along the
wall of a rocket engine "chrust chamber using different com=
puter programs is given in section li. The effects on the
heat flux due to the variaﬁion of the parameters;'Lawis
mumber, Mixture ratio, initial wa_ll temperature distribution,
and eddy viscosity are shouwn in the figureso |

Section 5 presents a comparabtive study of the available
computer programs, MABL, MABL-KZ, and BLIMP, and suggests one
program for future computation with several modification& and.

improvements.,



SECTION 1T

 BOUNDARY LAYER COMPUTER PROGRAMS

The‘computei programs, presently used at MSFC to compute turbulent boundary
layer propertieé in a rocket thrust chamber, are described below:

- MABL (Mass Addition Boundary Layer) Computer Program.

This effort was carried out Ref 11 & 12 for the purpose ﬁf developing
a practical and immediately uséful state-of-the-art engineéring method for
anélitiéally predicting the boundary 1a§er perfofhance losses in liquid
rocket engines; in particular for the'Space shuttle engine configurations
currently under consideration by'NASA; Therefore, the analysis and
resulting computer program have been oriented towards the analysis of
high pressure hydrogen-oxygen engines.

The boundary layer equationg for éompressible turbulent flow,
derived frém the time depeﬁdent.NaviergStokes equations using the Reynolds
time-averaging procedure and the usual boundary layer order of magnitude
asshmptions in a curvilinear coordinate system, were considered fo: solution.

The analysis and program use equilibrium chemistry since the flow in
the high pressure H2—02 engines will most probably be very close to the
equilibrium. The computer program is set up and dimensioned, at présent,
‘to handle the hydrogen-oxygen system and considers fwo elements (H,0) and six
species (HZ’ H, O, H20, 02, 0). The equilibrium state calculations in the
present analysis are performed by selected subroutines from the One-Dimensional .
Eduilibrium (ODE) JANNAF Performance Program; given the element mass fractions
and two thermodynamié state variables this program solves for the species

mass fractions and all the other thermodynamics state variables,



As é,result of the parabolic nature of the boundary 1ayerieqﬁations,
initial profiles are required to begin the solution.

The numerical method chosen for the solution of the boundary layer
equations is a Crank-Nicolson implicit finite difference technique. In
applying this finite difference technique the difference analogs of the
equations of motion are linearized and uncoupled and solved using a
tridiagonal matrix inversion algorithom.

In formulating the turbulent equations of motion it was assumed that
Vthe turbﬁlent flux terms could be related to mean, time averaged ’
quantities, through the use of the phenomenological mixing. length-eddy
viscosity concept. The turbulence eddy viscosity model, used here; was
developed and extended by Cebeci (Refs. 17, 18). This model uses 2 two-
iayer représentation of the eddy viscosity. In the inﬁer'region, cldéer
to the wall, the eddy viscosity is based on Prandtl’s mixing length theory,
as modified by Van Driest to ac;ount for the damping effect of the wall, and
as extended by Cebeci to include wall mass transfer, compresibility.and
pressure gradient effects. In the outer, wake-like, portion of the boundary
layer,'Claﬁser's form of the eddy viscosity, modified to include an |
~intermittency factor, is used. Turbulent Prandtl number fﬁrmulatioﬁ
developed by Cebeci (Ref. 17) is used here. The equations and computer
program have been kept general to allow for an arbitrary Uariationlof
turbulent Lewis number. No attempt has been made to calculate or model

Lewis number.

MABL-KE (MABL with Turbulent Kinetic Energy Equation) Computer Program.

The MABL program described earlier was modified to include turbulent

kinetic energy equation for solving the compressible turbulent boundary



laysrs along ths wall of & rocket tﬁurst chamber {(Ref, 19).- This inclusian
of the turbulent K. E. ejuation provides betber results than the method
utilizing the Ven Driest-0lauser hypothesis; fhié also the character of
chamizally reaétive flow with mass injeétion and -can exhibit the past his-
tory of boundary lgyers. ﬁesults show the variation of eddy vissosity in
flow direction including the 1amiﬁarization tendency in the nozzle sconver-
gent section. The results appsar to be in good agréement with available
expérimental data. The eddy viscosity dscreases significantly in the re-
active hydrogen-oxygen boundary layer when“a small amount of hydrogen is
injected from the wall,
| The equations and boundary cgnditipna Tor the compréssible turbu~
lent boundary layer are included in the appéndix for completensss sake.
The numerical solution technique is similar to that of MABL as

dascribed earlier.

£

g&lﬁ? (Boundary Layer Intagral Matrix Procedure) Sowputer Propram.

BLIMP version J serves as a boundary layer prediction computer prbgfdm
- for rocket nozzle flow. The references'13, 25, 29, 30, 31, 32 describe a
nathematical model and numerical solution of ﬁonsimilar laminar or turbu-
lent mulficomponent chemically reacting boundary layer flows with arbitary
.equilbrium chemical systems, unequal diffusion and thermal diffﬁsion co-
efficient for all species, and z variety of surfaqe boundary conditions.

ma,

ine equations of motion are developed for axisymetric or two-dimen-

sional turbulent flow inzluding transverse curvature effects. The ugusl

turbulent flow technique of breaking the species, velocity,



and enthalpy fields into mean and fluctuating componeﬁts,,time averaging
and making appropriate order of magnitude approximatioﬁs results in the
governing equations. The turbulent transport terms are expressed in the
Boussinesg fﬁrm, i.e. eddy viscosity, eddy diffusi%ity, and eddy
conductivity. Hence, all the termé in the equations are time-averaged
quantities. In the order-of-magnitude arguments, terms of the following
types have been eliminated; 1) triple correlatiOné, 2) derivatives of
turbulent correlations parallel to the wall, and 3} correlations involving
turbulent components éf molecular transport mechﬁnisms.r Also necessary in
the mathematical formulation of the problem is the specification of the
molecular transport properties, equation of state and equilibrium relations
for the multicomponent gas, and a descritpion of the eddy viscosity,
conductivity, and diffusivity.

The boundary layer fféw is divided into a wall region énd a wake
region. A mixing length formul;tlon for turbulent shear stress was chosen
for the wall region. 1In the wake portlon of the boundary layer, a constant
eddy viscosity model (Clauser's equilibrium boundary_layer expression
(Ref. 33))is used.

A bifurcation approximation to binary diffusion coefficients
introduced in (Ref. 20) utilized herein permits expilicit solution of the
Stefan-Maxwell relations for the diffusion flux in terms of gradients
and properties of species and of the system as a whole,

A modified Levy-laes coordinate transformation is used to reduce the
partial-differential equations of the boundary layer to total-differential

gquations.



The solution procedure uses splined gradraticé or cubics to'represent
velocity, enthalpy; and species concentrations between nodes which give
smooth variations of the dependent variables and their derivatives through
the boundary layer, therefore allowing significantly fewer .nodes for a
‘givenr accuracy. This éldvantage is pérticularly valuable for turbulent
boundary layers, where the very large gradients in'the surface normal
direction would require a great number of nodal points for an accurate
solution with typical finite differenée representations, In the streamwise
direction, derivatives are expressed by ordinary implicit difference
relations using linear or guadratic curvefits of the dependenf variables.
The resulting set of algebraic linear and nonlinear simultaneous equatiﬁns

is solved iteratively by the general Newton-Raphson technique.



SECTION III 9

TREHSPORT PROPERTIES

B‘J‘.s"{:om‘.céll‘\'r there have besn Lwo differeht avprnachss 40
deﬁeloping the egquations of gas.dynamics, i.8, eguations for
the conservation of species, conservation of mass, conserva-
tion of momentum, and conservation of snergy along with the
equation of state for the gas mixtgreu

Oné method is the phenomenological spproach wherein
certain relations between shear and strain, heat flux and
temperature gradient,'and diffusion flux and conceﬁtration
gradient are postuiated and the equations then developed using
the laws of classical mechaﬁics and hest flow. The method
leaves the transport coefficients, that is, the constant of
proportionality batween shea? and strain, heat flux and temp-~
erature gradisnt, and diffusion flux and cOngentration grad-
ient, undefined with no method other than direct measursements
available to detsrmine their wvalues. Thess transport coeffi-
clents are identified by the symbolﬁjﬂ K, and DLJ for 1am11ar
‘flows, where, for example (Ref. 3),

_ﬁi —%ggﬁ%y“ Coefficient of viscosity

~-%y _

K 3"‘9T/ay-- oefficient of thermal conductivity

and D \/,'3 CE = i

= niﬁarv diffusion cosfficlent
t} ?C-/By J 1L el
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whers Cyx = shear stress on surface perpsndicular to ¥

el

#xis acting in x direction in cartesian co~
ordinate system,
- 93 = heat flux in y direction of cartesian coor-

dinats

s}

ystemn,
; iéj = component of diffusion velocity dus to con-
centratinn gradients in 7 direction of carte-
sian coordinate system for a species i diffus-
ing into a mixture of species i and j,
CE =8 /¢ » mass fraction of species i,

m

T end 8 are the tempsrature and dan;ity of the gas mix-
‘ture, respectively. ~

The altefnativa approach is that of ths mathematical theory
for nonuniform gases, essentially'a kinetic theory approach (Ref.
21). This method yields the fluid-dynamic equations with the
transport coefficients defined in terms of certain intezral
rolations which involve the dynamics of colliding perticles.
Some emplricism is involved in specifying the interpérticle
forces needed to evaluate the collision irtegrals but even
hera, in'principle, recourss ton theory will narrow the margin
of uncertainty involved. The transport coefficisntéj%,if, and

Dij are found to bs funtions of the gas-mixturs temperature,

gas-species rwlscular weights, and certain parameters of the
intsrparticle force Fisld,

Tho conservabion equaticns can dften ba written in forms
Loniviﬁg dimenslionisse ratins of various tranépartcoefficieLta.
These dimensionlsss transport paramsters are defined as follows:
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T ¥ e
LaviIve

[l

Tha PRANDTL TUNBER, vwhich is z rough msasure of the r

defined as

o> ]

impoertancs of momantum transfer and heat transfer, 1
P, =JHC}§/Kjwhere (: C% CL;: Tfrozen Specific heat
4 i ‘

1

I C;= Specific naat

ct
|_r-
8]
ja)
r—
£
[o
I-h
L )
Lo
—
ot
=
v
o

It can bte shown from the ensrgy equa

1l whears

K{QT/DY) = Conduction ._

fL L (@u/o9) Shear unrk 5

" r

. 2 . :
& =LLe/ﬁe is called Eckert!s numbare..
For a pure bolyatomic gas Prandtl number is given by the
B I g
= L ¥/ (9% ~-5). From this equation it is seen

that B, whlch is spproximately 3/L for air (¥ =1.4), varies

from 2/3 for monatomic gases (¥ =5/3) to unity as ¥—-=1. In

iguids )} the Bucken  formula ig not valid.

it

some aystems {e.ge,

S

and Ppcan differ considerably frowm unlity.
The 3CIMATDY HUMBER, & rough measure of the ralztive importance
of womentum transfer and mass transfer, is defined for a binary

mirture by,

5]% /SDy,, from Inergy ecuations (Ref. 34) it can be

shown that SI%QEThMKaCEﬂav) = diffusion .1
ufitlifatvﬁy} - shear work B3I

) iy
¥ £

I8 3 1s largpe,shear work prsdominatas over diffusion. 1In

8!

milticomponent gystems, Schmidt numbers may be defined for

i

sach pair of species. As in ths case of Prandtl nunbers,

5 ia often somewhat  less than vunity.

L3
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The LIVIS NUMBLR 1is the ratin of the snergy transported by

- 3

flusion, and is defined

pe

conductlon to that transported by d
Tor a binsry mixture by

L= §Di5Cp = R _diffusion = D22 h(wCi/oy)
K S ~conduction K (oT/2Y)

Az with the Schmidt mumber, Lewis numbers may be defined for
gach pair of speéies in multicompohent mixtures,

In many systems, L is very nearly unity; it is oftén
slightly greater than unity in combustible gas mixtures.
The approximation L= 1 is frequently very hslpful in theoret-

ical combustion analysis,

LAMINAR TRANSPORT PROPERTIES

Tha ideal gas caleulations performed to &gte were basically
for program check-nut purposgs an& restricted to a one com-
ponent gas 8o the Lewls number is not reguired. The Prandtl
numbeﬁ is aésumed to be a constant., Its value can be.selectad
to approximete the gas being considéered. Hoét of the ideal gas
caleulations have been Tor alr and currently the viscozlity
balculation is based on Sutherlandts law expresssd as

o= 2.27 - 10“8-, Y27 {1+ 198.6/T)

-

for gases other than a2ir a different viscosity formulation

by
Je

The vizcosliiy of the miziture is caleulatsd fron

ORIGINAL PAGE IS
8# POOR QUALITY,
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' I? Ng Wa' -4
St= sl @o )
&=t PES] L

viiere M is the numbsr of speciles, X3 18 the mol fraction of

1; that is, Z: = C./ { M: * 2 ¢i /M3 ), My is the
2 a1 1 1 T ¥ 1
: _

7

E_Iv

e

ta

BD8C

g

viscosity of esach gpecies i;

P o= 265.93 x 10770 TV 7 (82012:2)%
here M; = molecular weight of species i '

&

T = temperature

1

H

]

¢nllision diamster,

,_Q_(E’g)* :_(}f?"?‘) / (v_()_fE,:?) ) rigid sphere
_JQJE’Z) =‘collision integral ( Rarf, 2}) |
L P 32§ . *

andg:’..j :E + (J"Li/f"!—j)'a { I'rij/mi)‘ij"/!zz)““" 1o+ My / M3 )"J
For simpler and faster computational purposes the values of
HM; are taken from reforsnce [1L0] and stored in tabuiar form,
‘The mors accurakte predictioﬂs of Buehla fozﬂiand Pyare given
in refersnce (L42),
THERMAL GONDUCTIVITY. For a monatomic gaslof species 1 the
Ehapﬁan—Enskog theory ylelds ( Ref. 21)

=15 R My

Lo My

where K.= thermal conductivity

] = universal gas constant

Mason and 32zena’ { Ref. 41) give the thermal conductivity of
a mixbture of polyatowmic gas by _
g —- bs -
L T iy @ x /?('L
T /- f(L L} - i, O6 D ;Ej () J
L= ‘:‘i‘
JET

vhere i = 1y My { 354 Cpg + G315 « R /My )
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DIFFUSION COBFFICIENT. The expresasion for the blnary dlffusion

coefficient is i

) ' ) "'S EI‘B(}.’I] + Mp) / ( 2 M3 }\"I:))]__‘K:
Dyp = Doy = 262.8 X 1075 A -

where 6;12 = % (69 + 85, Gg = Transport property collision dia.

n

pressure

+3
i

termperaturs

The effects of multicomponent diffusion can be considered by
usine a bifurcation approximation as given in reference[éd.

The frozen specific heat of the mixbture is
s

Cos = (‘,Zc CiCry

and the laminar Prandtl number can then be calculated as

and similarly the laminar Lewls number for a binary mixture may

be computed as

| =€ :DsZCFf/K

TURBULENT TRANSPORT PROPERTIES

The turbulent squations of =2 boundary-layer contain'terz;ns
which represent the tranzport of mass, momentum, and heat dus
to the turbulent rfluctuations ané are identified as follows:

- Cgfv)'Cl —~ turbﬁlent mass transfer

- ngﬂjlbﬂ ~~ turbulent'momentun transfsy

~-(8v) hi —~ turbulent heat transfer
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The eddy viscosity, &, eddy conduotivity, KT, snd oddy

by assuming that ths turbuvlent

diffusivity, Dy, are delined
flux terms can he relatsed fto mean, tims svaeraged gquantities,

through the vee of ‘the phenomenological mixing length-eddy

viseozsity concept as Tollows:

£(5,9) = —

. - 1% ,f;
Ko(5,9) = — 8¥°h

. . . .
Murthermore, turbulent Lewils number and Prandtl number
are defined, using the shove, as

Lo o= Ces € V7 Py = SPEE

EDDY VIZC03ITY.

The details of Cebecils extended eddy viscosity model is
given in reference (18)., The model uses a two-layer represent-
ation of the eddy viscosity. In the inner region, closer to
the wall, the eddy viscosiiy 1is based on Prandtl's mixing length
theory, as modified by Van Driést to accbunt for the damping
effect of the wall; and as e: tended by Cebsci to includs wall
mass tranafer, compressibility and pressure gradient sffects,

Thus, the eddy viscosity in the inner region is given by

e (e . . \ \
£, = j!. Iﬁb _ where the mixing length, 1, is
i .

1= Iy [} « @Xp (ny/A)J.
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'theJVan Driest's "damping factor", A, is defined asz
a= [z pils [ (T, )% 1]
where { = shear stress at the wall
and the factor, ﬁ, which accounts for pressure gradient and

-mass iransfer effects 13 given by

2_ _dP M (1.8 (SV) My
N = - X — l_l —axp . ( W_/ W J
&)y Cw (8w T)' P

i1 & C%?Q)bL/HiJ'
(8, T,)"

If‘(ﬁav)w_equals zero the above equation becomes a degen-

+ exp

erate form and ¥ must be calculated as
Cwes 1 +11.8 Q'L"g P @7&[3]"15’
) W
In the oubter, wake-like, poﬁ%ion of the boundary layer,
Clauser's form of the eddy viscosity, modified to include
an intermittency factor, is used. The outer oddy viscosity
is given by

£ = 0.0158 i, 5“;0[1 + 5.5 (v /8)° ]

o

vhere the ferm in brackets 1s an approximetion to Xlebanoffts

grror funciion intermiittency relationship and §7  is the in-

. o . -
The sdfy viscosity for the inner region is used From Lhs
1l outward untill the height 2t which {fot(fiis rgached. Prom

that point, to the boundary laver edge, the outer sxprsssion



17

for eddy viscoslilty is utilized.

For an external alr flow the results using Van Driest-
Clauser eddy viscosity model are in agreemsnt with experi-
msntal measuremenis { Réf. 18). However, for an internal
flow as in a rocket thrust chamber with a highly cooled wall,
Cebeclils modified model does not show the laminarization
tendency in the nozzle convergent section and the increass
of eddy viscosity in the divergent section of the nozzle
even for air flow (Ref., 19), In order to include the effect
of the past history of flow and the strong temperaﬁure VAT -~
iation across the boundary layer due to chenical reaction

. L e
or wall cooling, the turbvulent kineltilec energy eguation has
besn introducsd for the solution of fhe Réynclds satress (?éfc
19, also sec Appendix). This method obtalns eddy viscdsjty,
£

carlisr for ths inner eddy viscosity, €.

o» in the wake region, and uses ths formula introduced

TURBULENT PRANDTL HNUMB3R,
The expsrimental data (Reflf., 16) have shown that the turbulent

‘Prandtl number varies counsiderably scross the houndary layer.

Tn zeeount for this type of wvariation the turbulent Prandil mmher

is computed using Cebeci's formulztion (Ref. 17} as

Py = i [1 - exp (-3 /AT ]/ {uﬁ [1-exp(-yip? ;’3+ﬂ} |

i, iGp= Whh are the momantum and enthalpy Pranabtl
Y cﬁnatanﬁs, respectively, and
N
~inematic viscosity
S 2608,/ 8) T (s or SNAL pyc
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5= 3k (8,705 (pe/pt

u W= { rcw/ gw) K

at the wally; y=0, the above equation reduces to

Pp =[BT ]/ [ 4t P ]

Mot too mueh is known about the turbulent Tewis numbser, and
eddy conductivity, Xp, and eddy diffusivity, Dp, at this time,

In the calculationsg Ly has besen asaumsd constant elose to unity,
A T



HEAT FLUX q

The local heat flow.per unit time and area (heat flux) in a pure
substance is given by the Fourier's law of heat conduction:
q = -k‘VT n

It states that thé heat flux vector § is proportional to the tem-
perature gradient VT and is oppositely directed; k is the proportionality
constant or thermal conductivity. Thus incan isotropic medium heat
flows by conduction in the direction'of steepest temperature descent.
 In a moving fluid T represents the flux 6f thermal energy relative to -
the local fluid veclocity.

For mixtutes there are, in addition to the conductive-flux, COTtw
tributioﬁs resulting from the interdiffusion of the various species
present and the diffusion-thermo'(ﬂufour) effect. The total energy
flux relative to the mass average wvelocity is then given by

q=7 Cc)ﬁ(d) +3 (x) (2)
{The radiant energy flug ﬁ(r) may be handled separately and will be
described later). Here in equation (2) EEC)=-k.VT is the conductive
eﬁergy flux, as defined in equation (1), and k is the instantaneous
local thermal conductivity of the mixture, The energy flux ﬁ(d) caused
by interdiffusion is defined for a fluid containing n species by the

expression:
n

=~ (d)_
gld=2%

i=1

H; Jy (3)

B
<x,
F
1
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Heré ﬁi is the partial molal enthalpy of the ith- spécies, and
J; is the diffusion mass flux in a multicomponent systems, The Bufour
energy flux 3(x) is quite complex in ﬁature.and is usually of minor
impoftance. The explicit form of the Dufour-effect term in multicomponent

gas mixtures has been discussed in [Ref, 21].

In order to compute heat transfer rate in a reacting turbulent

- - boundary layer using the computer program MABL (Mass Addition Boundary

Layer) [Ref, 11&12],7the approximate heat fiux relation given. in this
program is derived below; The peculiar veclocity of species i is defined
as

A -

v; =v.-y,
and is the veclocity of a particle of kind i with respect to a coordinate

-system moving with the mass average veclocity I%gof the fluid, where - v,

is the random veclocity of the ith. speciess,

. -
The diffusion veclocity of species 1 with an average veclocity

in a mixture flowing with a mass average vealocity Ta is defined as

_Vl = -y, (&)

This veclocity is zero when only one kind of particle is present. The smoss
flux (per unit time and area) of species i across a surface moving with
the mass average veclocity of the mixture is given by
N . .
Mass Fluxi = .V » wheregl,':"— density of species 1
Then the enthalpy flux across this surface due to  the mass flux of
sPeciesfis
==
Enthalpy fluxi = gi : Hi (5}

Where h; = enthalpy per i species.
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The total enthalpy transport ( of all kinds of spec;ies) per unit

time and area is

) = .
?;, §: Vi by (e)
since mass fraction C£= §’£/§
T = =
by ?i’Vi hl._:. g’VE C;hy (7}

Fick's law gives the relitiom (approximate formula)
==
V;, = - DV(log ¢;)

Where D = diffusion coefficient or,

ol

—

 Substgtuting = relkation (8) in relation (7) the energy flux caused by
interdiffusion S of species in a gas mixture is derived, i.e.,

___‘f':d !
§'P= - eny nye,
o cetative t=
The total heat flux¥to the mass average veclocity as in equation
{2) neglecting tha Dufour effect is given by '

_&:ﬁ‘(c)“l‘?i (d)
qd==KVT - €D Ehi, ve, (10)
t=f

To express equation (10) in terms of enthalpy T may be transformed as’

x)
Since, total enthalpy h = ¥ Cy h; (1)

=)

P2 '3

grad hmVh =  (CVh; + hVC;) iz)
_ %hi. _ T o
Now, Vhi = %-11 vyT = B(jfcj}_idrr_l_ hi )VT
2T :
= CpivT _ Qa)
T ©
where the relation hl = GCidT-%- hi was used
o
C_. = Specific heat & 15. = heat of formation of species i



Substituting Egn (13) into Egn. (12) we get
et]
Vh= i};(cz Cpi?T + b, VG, )

— ” - n
= C T + h. Csy where ¢ = C .
va LE=| Ve Py El pt

n
ory T =% (Vh = % b; VG5 ) (14)

P¥ .
Substituting Egn (14) in Egn. (10) and rearranging we get

T=-x @h fh ¥C: ) -€DYh;VC
CP§ far ¢ i=) ¢ b

K -
=-“ff—:- [Vh +Fhwes (§D Cpy- 1) ]
Spy ji=p vt K

’CT=-.£P'L E;?h+(L,,,-1)_§h; ve; ] - (8)
r ) L.

isl

where Prandtl number P, = f]'p J4 and Lewis mmber 1 = §D C
' K ' a K
This is the heat flux equation used in the computer program MABL.

-

C¢

22
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SECTION 1V

RESULTS AND DISCUSSIONS OF THE PARAMETRIC STUDY

The computer programs, MABL, MABL-KE, and BLIMP are used to predict o
the heat transfer rate at the walls of NASA's Space Shuttle Main Engine
" {S5ME) aﬁd RL-10 Engine thrust chambers. The results are shown in figures
1 thfough 7 for various parameter values. | |

The SSME characteristic parameters are:
Nozzle geometry - érea ratio, E=77.5; thfoat radius, Rt=0'4294 (ft).
Stagnation conditions for normal power load- |

Vtemperatui'e, 'TO=6OOOO (R)

pressure, P =3000 ( psia)

mixture ratio, MR=6.0 for 0,/Hy fuel system.
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Tne PL-10 Engine characteristic paremeters ares
Hozzle geometry - area ratio, E-57
-throat radius, Rt=0.21416(ft)
Stagnation conditions

temperature, TD=SOOOO (®}
Pressure, P =400 {psia)
o

Misture ratio, MR=5.0 for 92/Hr fuel system.
The heat transfer rate predictions at the wa2ll of the S5ME thrust cham-

bers using MABL, MAHL-KE and BLIMP are shown in figurel, where the abscissa

- represents the wall contour length, The thrust chamber radius variation is

shown against the contour length to aid the visual apprehension of the hsat
transfer rate preaictions along the wall contour: The predicticns havé the
maximum heat transfer rate slightly upstream of the throat as was found by
a few experimental results.  Since'the heat flux computed by the MARL pPro-
gram différs slightly from the resulté of MABL-XZ, ohly the computed values
nwrmemm&r%mnweﬂwnmtmfmweL
EFFECTS OF LEWIS NUMBER ON HEAT FLUY

To determine the influence of Lewis number on heat.flux-the computer
program MABL-XE was used for SSME & RL-10 engzine configurations, since the
BLIMP program does not explizitly express its governing equations in tsrms
of lewls number. Since the ¥ABL-KE does not compute Lewls nurber, fixed
values zbout 1.0 as input to the program were chosen., Figure 2 represents
the heat flux variations for L‘~‘~1.O=Lt for a fixed mixture ratio of, HR=5;
Evén this small change in Lewis murber causes visible différence in the heat

Flux

31
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distributions. This influence is more prominent at ths throat -:c'egion, which
was expected because of the sharp variations of the flow parametlers there.
Heat flux increases with Lewis number for a fixed mixture ratio. MABL-KE
faces compubational difficulties for higher Lewis numbers.“

The BL.IMP program considers multi-componsnt diffusion effects by using
2 bifurcation approximation, which means that thé Lewis number, considered but
not explicitly computéd by BLIMP, would bé more acocurate for a boundaxyllay'er“-

flow analysis than the fixed Lewis number as agsumed in MABL 2 MABL-KE,

R

FFECTS OF MIYIURE RATIO ON HEAT FLUY

The influence of _mixi_:tire r{itio on hgat_ flux wag determined by using
BLID‘-ZP for ﬁhe S5V cénfiguration, Figurés 3,h, and 5 show the influences on
eat flux due to the mixture ratios, MR=L, 5, & 6.45, e2ch for a fixed wall
tempersiure distribution respeé’tivelg. | In these figures heat fiux is plotted‘
against the axial thrust chamber distance for the S5ME cpnfiguration only.
The heat flux at the wall increases with the increasine mixture ratio and is
m'ore'prﬂ‘mi’nent near the throst resmion, as expected. -E‘ig:ure h_shgws the
nominal wall temperature distribution which is a required input for computation.
his btemperature profile has been predicted analytically by a different comp,ute.r
program utilizing test results from other similar thrast chambers.
EFFECTS OF INITIAL WALL TEMPRERATURE DISTRIBUTION ON HEAT FLUY
Since the ;nitiai wzll temperaturs distribution must bs gilven to initiate

compuhztion and since this tempersture profile is a predisied ouantliy con-
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the heat flux results computed by using the BLIMP program for the SS5ME thrust
chamber. Three different wall temperature profiles, T wall, (T wall + 200 ©R) ,
and (T wall - 2000}1) vere used to compute the heat flux for several fix 2d nix-
ture ratios resmcﬁively. Heat flux increases with decreasing initial wall {em*
perature and this influence resaches its maximum near the throst region as ex-

racted

EFFECTS OF TDDY VISZOSITY MODTL AND PRANDTL MUMBER ON HEAT FLUY

Iddy Viszosity: Bach of the computer programs, 1AL, MASL-KE, and BLEEP,

uses different eddy viscosity models. MABL uses the Van Driest-{lauser

- formula modified by ebeci (Ref. 17). ¥YABL-KE modif_ies the I-’!ABL formulation by

introducing the turbul ent kinetic energzy equation to find eddy visgs osrby in
the wake region (Ref. 19). |

BLIMP usas the Cléﬁser ormula wi thout any J modification to comp‘uta eddy
viscosity. Omori et al., in referenm (19} compares eddy viscosity profilesw
across bounda ary layers, computed by using MABL-KE, experimental data W1th resw ts b
based on the modifeid Van Nriest - ¢ lauser J,omul and his "‘PShltS appear to be
in good Hc"‘eement with available exparimental datas. The differencze in haat
flux results due to T~”L'3£ & MABL-K% is too small for plottine purposes. The
differences in the heat flux curves in Figure 1 are partially due to .the eddy
viscosity fnodels in MABL, MABL-XB, and BLIMP programs. The formulas involved
in the differsent modals +o compute sddy viscesity sre given in Sec_tion 1T ang
in the Avpendix, |

PHANDIL Wumber: The computer programs MABL, MABL-KE » and BLTIP x—mpute =

Leminar Prandtl pumber by using the method described in Seation IT for a gas

9P us es a const: m+ val for the turbulent Prandtl



manber, Py = 0.7 whareas, ¥aPL and MABL-XE use the férmuiation oj Oebeci
(Re?, 1?), describad in Secticn IL to compute a turbulent Prandtl number.
A zomparison oi the heat fiux resulis, using Py = constant and.P conputed
ascording to Jebeci, with experimental datz is siven in reference (11)
which was computed by using MABL. Figﬁre 1 shows = comparison of the heat
flux results partiaily 1af1uenb ad by different turbulent Prandtl number
computational models,
SECTION ¥
RECOTMENDATIONS
A-éomparative study of the three rocket nozzle turbulent boundary

:1éyer computer-programs with regard to heat transfbf revezls that all of
them need some improvements and modifications in the St rathemahlcll models
and nunerical methbds before any one program would be acceptable 25 a

standard computing procedurs for future theoreticel dinvestigations.

The consideration of the numerical solution methods used in these com-

puter progrims sugzests that the BLINP with its 1ntenr‘1 matriy soWuulcn
method will reonire less nodsl points and consecusably less computer time
than the Oronk-Hicolson implizit finite difference bechnique used in both
the MARL & MAHL-KT programs to achieve compatible results and accuracy.
The HLIMEP program sonsiders multi-c componant diffusion by‘using hi-
Mreation approximation (Ref, 28); whereas FAHL and MABL-KE use a constant

which considers the diffusion coefficient to

be binary, neglesting the multi-component diffusicon ef

34
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The MABL-KS prosram intreduces a turbwlent kinetic energy-equation £
caloulate eddy viscosity together with a modified Van riest-Clauser tur-
bulent rmodel. The BLIMP program lacks in this area and 2n addition of nhls
imoroved modsl to tﬁe code would be appropriate. BLILP should.bé Improvad
with a turbulent number formula given in reference{l7).

The computef Drograms need & wall temperaturs profile as a boundary
.condition ad, at pressnt, this pradiziion is made from scaled test data or
industry in—house heat transfer czalculations which are not accessible. It

is recormendad that a camputer program be extended with an option to pre-
dl”t 2 thrust chamber wall tevperaturn proflla by Cokpllnv the boundary
layer analysis with the cooling process.

Cansidering different aspects of the computer programs available,
BLIMP appears to be the more suitable one 4o be improved, as discussed
above, and used for fubure heat trans fer analysis of rocket engine thrust

chambers.
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APPENDIX A

TURBULENT BOUNDARY LAYER EQUATIQNS: including the turbulent kinetic
energy equation for the Reynolds stress term describing the flow
properties of compressible turbulent boundary layers along the wall of

a rocket thrust chamber are given below. (For detailed derivation see

Ref. 35).

When the transverse-curvature effect is ne°1ected the compresmble
turbulent boundary layer equations in steady state fbr two-dimensional

and axisymmetric flows are written in a curvilinear coordinate system as

follows:
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- R’ © [yes-(ey u.‘/ 2 )
T T ax ""fay[ﬂ e ) @)
== DH L rao i
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where j=o for two-dimensional flow and j=1 for  axishmetric fllow.
Symbols ere defined in the nomenclature.

The flow is assumed to be calorically perfect and obeys the
equation of state, —

P ERT | - G
P = 5] |

-

where the time mean of the correlation between fluctuation density and

temperature, €‘TF1“ 1is neglected because of its small order of

magnitude.
TURBULENT TRANSPORT PROPERTIES

In formulating the turbulent equations of motion (1-4) it was

assumed that the turbulent flux terms; CQVJIH'g due to turbulent mass

—— Y]
P R ol
transfer, ( gv) i ~turbulent momentum transfer, (ev) Z ‘_{L. hi ‘
: < (=i
- turbulent heat transfer could be related to mean , time averaged
quantities, through the use of the phenomenological mixing iength-

eddy viscosity concept. Accordingly, the eddy viscosity, £ , eddy

conductivity, )Tand eddy deffusivity, D‘t’ are defined as follows:

_— CgV)JLJ_’ = 6[7{,3)( B'il/ay) ' (6,)

ot

et L
—(eW R Y b = Ap (e (RT/eY) @
~ ey, = gDy (0Y/0Y) ©

Ve, = gD ow(RF,/2Y) @
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"The turbulent Lewis and Prandtl numbers are defined as

L= 86 Dr /7T | )
P60 T ®
Assuming  cey)f — Suwv = (ev)u (2)
(eW'hy ~ g'v'h; :cev%'« ()
(VY] - ey T (e (9
L) . D ﬂL’LL/ . : ' :
SO >R (9
and considering the definition of enthalpy r% ra}{)>> ) (!6)
T _ | soh LT oY :
oy = 7 oy ~4 hi oy o (17)
Egns (2) - {4) are rewritten as
=~ DU o DT zgu_dﬁ7+a"-+'®m - (18
§L®3+C§V+§V 3 T dx ‘a':f!—gd E)_é"JJ Ue)
=~ ©H 55 4 STy G H S £ yof
el =5, (sv SV 2T = (%L.].g:-r»ﬁ);—a——
+_Jmu-7—;;)+5 (a«—-— ]a’-&'_-.
LR EARE 09
—.— DA, , oo\m__;a“_[ wl . € LYo "20
gL @xn—f—(%v+§t 55 =&y Q_%:ﬂ—wm?T &9 (: )
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TURBULENT KINETIC ENERGY EQUATION
To compute the eddy viscosity, &, defined in Egn (6] the-
following kinetic energy equation is ‘introduced. |
Considering the continuity and momentum equations for compressible
turbulent boundary layers, the system of equations due to tuibulent

fluctuations are derived and written below in cartesian tensor notation’

form |
i Yy

(% ") j@j +(§LLQLL’®22J+®(€¢L i Wi )

€ X

- @Cu LJ) (Q,LL " ‘%”LLK facu L[[)

+ Wl UCSJUK"FS Lé,t € )
Cd D 2
_[?_EC Wi fBCP LL{_)J_,. P (fau'ﬁ TuL, )

C‘)xi l.'"’},/f_’t (ﬁj}/(
. — .
;D O’Z"
+ U= SR 21)
J T Ky L&k (
where (o g oul o . Qu | | "
- = /¥ > i :
S, - Y o R 2 . Y
LNV, / C (O}CK @,)CE "3— Lk (}xé) (22)
Assuming > 7 po p—
Truy @ /_/;-1_ ?ﬁn _ 2 ’)u )]
w1l 9. (D 2 € QLQ )J -0 23)
Loy, I — S = ;
_ Q))LKLJ ({‘O/(i J}"' @xe (
Cand e L / ST .
M’“‘; ‘@(s'u )Q_{_g{) Q}Cg el ufh) (24)

O X DX Ky

Equation (21) is simplified as
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i cbat; (- i c}Lé ti
e I +— e o=t S
/h CS u_‘k L{' o )(‘-‘K 1 = ¢ ) J W <Y

— / 7 - ;o . {1 . r
PENEI G- RIEES &) P _?sza;.g iy F’! oLy DU
D Ky - @, DK | DR, Gx;

(s, LJ

d7
+ 2 (n @i—ﬂ-“&ti) 2 US4 (25)

s x}( (DX @x F Ky

- Adding the three equations for i=j=1, 2, and 3, in Egn (25), and
L ;
defining the turbulent kinetic energy, K0 = i+ vV 10 )

the turbulent energy equation is ohtained.

V) 2K

= 2 (W 35+ 5% -G ot ]

- Qu' o, @vIEy | B©"Qw
ZJ ( 2y T @y @y +®:>f (ay | (26)

where K=f0 and the tendency- towards isotropy term was assumed to be
negligible e '
2p "; =0 | (28)
The first, second, and third terms on the right hand side of equation (26)
are called the turbulent productiomn, diffusion, and dissipation terms,
respectively.
. .. A

According to Prandtl - Wieghart (Ref. 36) the Reynolds stress, —{(QV)LL;
the turbulent kinetic energy, K, and the gradient of time mean velécity,
@[Z/E*bfiare related as .
) ot T —_ yy @!:E/ 29)
— _(f VY L — =) . :
where K is a constant and /\ is a dissipation lemgth. Two unknown terms

in equaticn (26} are replaced by the following two relations due to Rolia
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{(Ref. 15, 37}, assuming the compressibility effect of these terms to bhe

small:

"‘(%’" Ko+2 }9’)'\/’:: X § A K"’z @"j | | (30)

and

¢ A Y\ — 32
2 QU Ou | v oV ow @"@’) _ 3K
/4 &y o9 T35 =X oy oy /= i/f/lz T (31)

where o ’JB) arnd ¥ are CFO’ns‘fanfg.
Substituting equations (29-31) into equation (26) the final form of

the turbulent kinetic energy equation is derived,

PR T IS s an ey

r BA K1/ fB}{ 3/2. -
SLGurasnwn BR]-gup 6 v EE" ()
The following boundary conditions are used to solve the equatlons (1},
(5), (18), (19)_, (20), and (32) simultaneously:

at the wall, y=o;

U (x,0) =

eV + 53;; = QJC%J |

T(x,0) = o (x) ' (33)
/%.gm =g - WL"’“CO{W“‘ O{?n ) L -

« /kiwl_
-At the outer edge of boundary layers, k _(X’ 0) = o
:5**550{); : ZZC%JCU):UQ(X)
# (2,0 = T, ("1’_)
o (3570 = <, (%)

Ko =0

(34)
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When the dissipation length,/\ , is given, the equations may be solved in
a closed form. Assuming that the compressibility effect on. the
dissipation length is negligible (Ref. 38, 39},Ais expressed as a

polynomial of the distance, y, from the wall,

A = a(y/8)% b(3/8)% e (3/8) + d(3/8)+ e (35)

To avoid a negative value of K in the vicinity of the wall the
boundary layer is separated into the laminar sublayerkclose to the wall
and the wake region. Considering that the effect of molecular_viécosity
term is small compared with the remalnlng terms 1n the wake region, the
"3 f'i f??K

terms gi/ﬁjB \2 are neglected. Then the.

. eddy v15c051ty,é » in the wake region is obtained from equations (Gglzfi)CIS

Eo = s & A K| Q?“[/C’au o (36)

In the region very close to the wall the modified Van Driest
Model (Ref. 18) based upon the Prandti mixing length theory is applied;

that is, the inner eddy viscosity is obtained as

o 42 o tl } : .
63 = g é ] 55‘3 ‘ (3 ?)
Where the mixing length, £, is given

L

£ = 0.90 V]I exp(-y/a)] e
and A = Van Driest's Damping factor includes the effect of suction or ‘
mass additiocn and_pressurg gradient as shwon by Cebece (Ref. 18).

The inner eddy ﬁiscosity,é:, is.used from the wall outward until the
height at which C = £, 1s reached. From that point on to the boundary

&
layer edge the £ is used.



