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FOREWORD

This report is part of a two volume set which describes a
compressible turbulent boundary layer analysis using the turbulent
kinetic energy approach and a computer program that is a modified
version of MABL (Reference 1) and includes wall and coolant tempera-
ture calculations. Volume I contains the description of analytical
concepts to obtain the eddy viscosity by solving the turbulent
kinetic energy equation and it shows the result of sample calculationms.

Volume II describes the modified computer program to include
the eddy viscosity calculation and serves as a supplement user's
manual to Reference 1.

This work was conducted for the George C. Marshall Space
Flight Center, National Aeronautics and Space Administration under the
cooperative agreement between the University of Alabama in Huntsville
and the George C. Marshall Space Flight Center under Modification 7,
NCA 8-68.

The author gratefully acknowledges the supply of data and
helpful discussions with Mr. Klaus W. Gross, and the assistance in
computer programming and checking of Mr. Alfred N. Krebsbach,

George C. Marshall Space Flight Center, National Aeronautics and Space

Administration.
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I. INTRODUCTION

This report serves as a supplement to Reference 1. As described in
Volume I of this set, the eddy viscosity is calculated through the
turbulent kinetic energy, in order to include the history of the
flow and the effect of chemical reaction on boundary layer charac-
teristics. Calculations can be performed for two different cooling
concepts; that is, transpiration and regeneratively cooled wall
cases. For the regenerative cooling option, coolant and gas side
wall temperature and coolant bulk temperature in a rocket engine
can be computed along the nozzle axis. Thus, this computer program
is useful in designing coolant flow rate and cooling tube geometry,
including the tube wall thickness as well as in predicting the
effects of boundary layers along the gas side wall on thrust
performances.

Two computer programs were developed; TBLEDY (Turbulent Boundry
Layer Computer Program including Eddy Viscosity Calculations) and
AIREDY (Air Flow Computer Program'with mass injection of a mixture
of hydrogen and nitrogen).

Since the main difference of TBLEDY from MABL (Reference 1) is
found in Subroutine EDDY, and the input data for the calculations
are exactly the same as’in MABL, only the solution method in
Subroutine EDDY and the description of program output which was
modified will be shown.

The second computer program, AIREDY, was developed for the purpose
of comparing the calculated results with available experimental

data when combustion occurs in the boundary layer due to the mixture

-{-



of hydrogen and nitrogen injection through a porous wall. Because
of the addition of the element, Nitrogen, N, to the elementé, H and
0, the following nine species are considered for the air flow with

combustion: H, HZ, H.0, 0, OH, 02, N, NO, and N2, the last three

2
species having been added. Therefore, modifications to subroutines
BLKDTA, ELEMTS, EXECUT, H@@DE, HPCALC, NLUT, #DE, PRINT, PRYFIL,
SPCALC, TABLES, TFCBL (Main Routine), TPCALC, and VISCX were
necessary. Common blocks in the remaining subroutines were also
modified.

Subroutine EDDY calculates tﬁe'turbulent kinetic enefgy and
the eddy viscosity, and it is the same in both TBLEDY and AIREﬁY
except for common blocks.

Since detailed descriptions of most of the boundry layer
subroutines can be found in Reference 1, as well as the definitions
of program syﬁbols, only the modifications of the program input
data and the printed outputs are explained.

The sample cases areincluded to illustrate the use of the program:
one is for the rocket nozzle combustion product flow of hydrogen
and oxygen with transpiration cooling, and the other is for air
flow with combustion due to injection of a mixture of hydrogen and
nitrogen. The listings of computer programs TBLEDY and AIREDY, are

included in Appendix A and B, respectively.




II. SUBROUTINES

1. Subroutine BLKDTA

This subroutine stores atomic symbols, weights, and
valences of 105 elements.

Thermal and reactants data are taken from Reference 2. The
assigned enthalpy (ENTH) of each reactant for a corresponding temper-
ature (RTEMP) is given in calories per mole in Table VII of Reference 2.

The constants used in the empirical equations for specific
heat, enthalpy, aﬁd entropy, as functions of temperature are given in

the form of least squares coefficients as follows:

Qﬁ— = aj + aT + a3T2 + a4T3 + aST4

° a a a a ’ a
Bl 4 #2271 + 312 ¢ 35040 0
RT 2 3 4 5 T
ST°

= ayInT + apT + 2312 + %413 4 B5pé 4 g
R 2 3 4
The seven coefficients above are stored in the array
COEF (1, j, k)
where
i=1 for the upper temperature interval
i=2 for the lower temperature interval
j=1,...7,for the 7 coefficients, aj,
k=1,...150 for the number of sp;cies.
TBLEDY considers k=1,2,... and 6 , H, Hy, Hyf, HP, #H, and @,
respectively, while AIREDY includes an additional three species,

k=7, 8, and 9, N, N@#, and Nj.




2. Subroutine EDDY (Common to TBLEDY and AIREDY)

The turbitlent kinetic energy equation to be solved is

(See Volume I);
K = 2kpAKY2(3 u ) [3u |

—— 3K + (pv+p'v') dy 3y 9y
pPu 335 /2 (1)
- - K __PK_
+93 [(W+ap AKI/Z)]- puB AZY T4
9y

Assuming that the terms containing molecular viscosities, u, are
negligible, and considering the definition of eddy viscosity,e, the

above equation is written as

oK oK — -
————— — " 2cudfa 3 3K - ypk¥2/ A
puids (pv+op'v') 2 -_— = — €& Ye
P e dy K 9y Ay (2)
where
e=eg=p 2% [3u] for  pa* |3u|<kapktfz )
3y oy
and - A
e-ed-kA'EK/ for pL? |3u | > kA TK (4)
. 3
3

At the matching point where €j and €g coincide, assume that the

following two terms are predominant in Eq. (2),

— - ol 5
Iy
then the substitution of Eq. (4) into Eq. (5) yields
3 ,f —
~ 2k 12 ., 3m
€0 - A

This means that, at the matching point where €i = €g, the prandtl
mixing length, £, and the dissipation length, A could be related by

= /
92 (%1)1 2 g2 -




If we select k=0.6 and Yy = 0.36 in the case without mass injection,

then Eq. (7) yields
L = 1.048A (8)

That is, the modeling of the dissipation length should be related to
the prandtl mixing length in the vicinity of the wall, where the
matching condition is considered. The polynomial relation of dissi-

pation length is therefore defined in Volume I
A 2
3 -% [0.2050 (% ) -0.5860‘ @é) + 0.4310} 19)

In order to nondimensionalize Eq. (2), the following eymbois are

defined in addition to the symbols in Reference 1:

e = eluy
K* = K/Ur2
K =A/ Lz
(10)
{Note that the definition of the eddy viscosity, € , is different

from that in Reference 1.) Then, Eq. (2) is written as

~

*
p*u* %5; + (p*‘v*G' - p*u* u_Z) iK_

z dy*
! , /2
G'?  Jdux G' d ac*  JK* PR *
= * G -— "
2e Re L’ Gy )+ 7oy Rezz 3y*) ¥ A (11)




where -, o
€% = p L lgl/ur (12)

* :
€o* ¥ k K g phi Re, 3)

and

Re = PE Up L/u, (14)

Substituting the following definitions as shown in Reference 1 into

Eq . (11) ’

Re z? : (15)

and

"

Ty = prvAG' - pkyk G't'y

z ' - (16)
we obtain
p*u* ﬂg‘- + Tzu ‘ %* 1
Y% 3y* = 2ce* F G (ay*) + oF — ay* (e ay*)
R K’*?t an
Y N

c X

Define BRKT

2 g* FG' (du*/dy*)?

™1 - aFG' g% (18)
™2 - aF (e*G"/G' + G' 3e*/ 3y*) (19)
™3 = e*3(k Ry g pAl) (20)




and
T™4 = BRKT - Y TM3 p*/ (& X (21)

then Eq. (17) becomes

Pruk KX 4 17 3K* = BRRT + TML 3’K* + TM2 3KR* (22)
dg* dy* dy*? dy*

The above equation is written in a finite-difference form as
K* -K* K* -K*
pru* mhl,n  mn 4 (12 - TM2) (& K} +_mtl.nt] wHl,n-1
m,

Agk 2 n 4 Ayt
*
- 1 ryy, o+ melatl™? M p T Meinc1)l g
3 tn 2 Ay* (23)

Thus, the resulting implicit finite difference equation for the tur-

bulent kinetic energy is written in the following form:

A3(n) K*ﬁ-*-l,n-l-l + A (n) K*nt1,n + A1 (n) K*'m-'i-l,n-l s B(n) 24)
where
A3(n) = T2 - TM2 - ™1 )
4 Ay* 2Ay* (25)
A2 (n) = pkyX + ™1
As* A6*? (26)

Aj(n) = —Ag(n) - TM1_
. v ©7)



and

*
B =i + 2% Kmn 12 om0 ok om0
As* 2 m,n 2 m,n

(28)
Eq. (28) 1s solved in Subroutine EDDY by calling Subroutine TRIM with

the boundary layer conditions of
K*pm1 = 0 and K¥*p=fMAX = o (29)

The constants, k, o and y in Eq. (17) are

Physical Quantity Program Variable
k = 0.6 - 2K

a =0.1/k ALFA

Y = 0.36 + 42.0 F in TBLEDY GAMA

(Wheee F is the mass flow ratio defined in Volume I.)
Y to be input in AIREDY

The dissipation length K is defined as BN: \

~

K = 5 [0.2050 (%) -0.5860 (g>+ 0.4310] (30)
§

The calculation methods of the inner eddy viscosity e;%,

and the turbulent Prandtl number are exactly the same as in Reference 1;

€i{* being presently defined as CUV.

The remaining definitions of program variables are shown

below.




Physical Quantity
K*
oK*/ QJy*
a%k*/ ay*’

~ -~

8,990 or § g95

Subroutine ELEMTS  (AIREDY)

Program Variable

cuu

CUUYMN

UUYYMN

SDELTA

This subroutine solves two element comservation equations for

hydrogen and nitrogen to obtain the element mass fractions of hydrogen

and nitrogen, 0y and Oy, respectively, at

boundary layer. The element mass fraction
equal to (l-og - ay ) at each mesh point.
The normalized finite difference

servation equations are the same as in Eq.

Al C 1, n-1 A2 Oy g

each mesh point in the

of oxygen, a0, is then

forms of the element con-

(24), that is,

+A3 Opg), n+1 = B

The nitrogen element conservation boundary conditions are

at the edge of the boundary layer;
aNy "=

and at the wall;

Qy oN

4 2 _ 73

aNg ¢ ANEDGE (to be given)

3

the elements, H, N, and @ are defined in the program by IEL = 1, 2,

and 3, respectively.



4. Subroutine HPYDE (AIREDY)

The main modification in the equilibrium subroutines is the
definition of the program variable, ¢F‘f In TBLEDY and Reference 1,
gF is the weight ratio of oxidizer to fuel. AIREDY defines @F as the
weight ratio of fuel to oxidizer, because the hydrogen element does
not exist at the outer boundary layer edge for air flow.

5. Subroutine PRINT

The following values are calculated and printed in this

subroutine:
Physical Quantity Program Variable
8,990 ©r § 995 = Velocity thickness (in) ZDELTA
(AIREDY) (TBLEDY) )
2
1= (te) -g-‘i = Friction (lbg/ft’) ABUT (1)
y
-5%-? = Dimensionless friction (-\) APUT(2)
e'e
£ = Eddy viscosity (-) AQUT (3)
py S
e
% = Distance from wall (=) AQUT (4)
FIST = Turbulent kinetic energy (-) B@UT (3)
e
pu = Mags flow rate (-) B@UT (4)
Pe Ve
€1 = Prandtl edd viscosity BAUT (5
' (1bg sec/ftg) duT(5)
ut = w/ug =u/yTulp = Universal velocity BAUT (6)
t = = Universal distance B@UT(7)
yT = pyur/u

- 10 -



6. Subroutine PROFIL

To initiate the calculation in AIREDY, the profiles of the

element mass fractions, ag, oy aﬁd' 0, are calculated as
ag(y) = aﬂw + (aHe - an) u/Ug

ay(y) = 0.80 [1 - oyz(y)]

and
O (¥) = 0.25 ay(y)

The initial profiles of the turbulent kinetic energy, K*, and the

eddy viscosity, €* are assumed to be

K¢ = 0.00005 U;2 [1-(y/§)1% y6 : cuu
and
— 142
s*-kApKyur : EPS
7. Subroutine VISCX (AIREDY)
This subroutine was modified to include the species, N,
Ng and N2.

The molecular viscosity, U4, of the species, N, N@#, and »
is tabulated as a function of temperature, in the range of T=100

through 5000°K, as in Reference 3.

-11 -



III. DESCRIPTION OF PROGRAM INPUT
Only the modifications to Reference 1 are shown below.

1. Both in TBLEDY and AIREDY

[Flags and Options]
ICOPL Integer flag, set as follows:

=0 for no regenerative cooling

=] for the case with regenerative cooling and
coolant flowing in the opposite direction to the
combustion product flow.

=2 for the case with regenerative cooling
and coolant flowing in the same direction

as the combustion product flow.

ITHERM Integer flag, set as follows:
=0 for the case that the internal THERM@ data
are used.

=1 §THERM@ namelist is input to Subroutine @DE.

IPQLY =0 No polynominal coefficient calculation
=] A set of polynominal coefficients for the

corrected wall contour is to be calculated.

-12 -




The following inputs are necessary, when ICPPL = 1 or 2.
For ICAPL = 0, one may ignore this input data.

[Regenerative Cooling Inputs]

COEFCL Efficiency of the regenerative cooling (-1)
MASSL Hydrogeix Coolant mass flow rate (1b,/sec)
RAMDW Thermal conductivity of the cooling tube wall

(BTU/ft sec. °R)
TUBEN Number of cooling tubes (=)
[Coolant Properties Tables]
ITZTAB Integer: Number of points in temperature versus
sz, Ags and u, table
TZTAB Coolant temperature table used to obtain Cpl ,

A%, and ug .(°R)

CPLTAB Coolant specific heat, sz (BTU/1by °R)
RAMTAB . Thermal conductivity of coolant, Aj (BTU/ft. sec°®R)
ZMYTAB Molecular viscosity of coolant, Wy (1by/ft. sec)

The length of the following tables must be identical to that of the wall
temperature table (TWTAB). \

[Coolant Wall Tables]

ALTAB Cross-sectional area of each cooling tube, 4 , (ftz)
THITAB Wall thickness of cooling tubes, t, (ft)
TLTAB Assumed coolant temperature, 'Iy,o (°R)




In the case of ICAPL = 1 or 2, that is,for regenerative
cooling calculations, the table of wall temperature, TWTAB, is used to
initiate computation. The gasvside wall temperature is internally
célculated as TWGCA at each local station. The concept and method of
calculation of regeneratively cooled thrust chambers can be found in

Reference 4.

2. TBLEDY

All input data are exactly the same as in Reference 1. Since
a strong chemical reaction occurs in the middle of boundary layers in
the case with hydrogen injection from the wall, the following constants

to stretch the normal distance to the wall are recommended

GP) = 1000.0 and SN 3 = 2.50
Although the constants, Y = GAMA and k = ZK, are printed out,
ignore them. For the constant k has been set equal to 0.6, and

Y = 0.36 + 42.0 F in subroutine EDDY.

3. AIREDY
[Flags and Optioms]
INJH2 Integer flag, set as follows:
=0 for the case of ideal gas injection. The
free stream is also a perfect gas.
=] for the case of a mixture of hydrogen and
nitrogen injection into the air free stream

flow.

- 14 -




e For the option of INJH2 = 1, IDEAL should be
equal to 1, and do not input the data, PRI,
GAMMA, and FMJLWT. AFEDGE (=0), AFTRNS, and
AFWALL must be input in this case. (If AFWALL
is not input, the program sets AFWALL = AFTRNS.)
® For the option of INJH2 = 0, IDEAL must also be
equal to 1, and do not input, AFEDGE, AFTRNS,
and AFWALL. PRI, GAMMA, and FMPLWT must be input.
[Correlation Inputs] A
GAMA The constant ¥ appeared in the turbulent kinetic
equation. (This inpﬁt may be replaced by the
relation, y = 0.36 + 42.0F, in subroutine EDDY
as in TBLEDY.)
Since the constant k = ZK has been set equal to 0.60 in subroutine
EDDY, one can ignore this input. The constants, GP@ and SN3, are

recommended to be input as 1000.0 and 2.50, respectively.

- 15 -




IV. DESCRIPTION OF PROGRAM OUTPUT

The assumed profiles of the velocity, turbulent kinetic
energy, and EDDY viscosity used to initiate calculations are printed

after the G-function output as

i Mesh point number (wall=1), under the heading, N@;
u/Ug Velocity;
K/Ue2 Turbulent kinetic energy;
£ EDDY viscosity (1bf sec/ftz)

The following additional boundary layer quantities are
printed above the profiles at desired statioms:

RTHETA = Rg = _fEEEE_ Reynolds number based on the
He momentum thickness

§* P
THLSS = [(2T 1 Pl @ cost)(l- o= o7 Mexit

Thrust loss due to boundary layer

effects (Reference 5).

THL@SS is calculated in subroutine
PRINT. Positive value corresponds
to the thrust loss, and negative

vice versa. (lbf)

For the option of regenerative cooling calculation
(ICPPL = 1 or 2) the following quantities which are mostly calculated
in subroutine PARAMS according to the method in Reference 4, are

printed.

- 16 -




Name

TLO: T£ (Xi - Axh )

TL1: Tp (%)

TL2: Ty (yq + Axiz)

TAW: Ty,
TLCA

TWL: Ty

TWL2

TWGCA: Tyg

TEMPRL:T, ,'T ,

CPL: Cp,

CPSUM

Description

Assumed coolant temperature in tubes
at the next station towards the
injector

Assumed coolant temperature in tubes

at the station where cooling parameters

are to be obtained

Assumed coolant temperature in tubes °R

at the next station towards nozzle exit.
Adiabatic wall temperature °R
Calculated coolant temperature °R
Calculated ecoolant side wall °R
temperature

(TLCA + TL1)/2.0 °R
Arithmetic average of the assumed and °R
calculated gas side wall temperatureS

(TWALL + TWGCA)/2.0

Temperature ratio of the calculated -
coolant side wall temperature to the

coolant temperature

Coolant specific heat BTU/1bm °R
Specific heat of combustion products BTU/1bp °R

in free stream

- 17 -

Units
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°R



Name

DIATUB

THICK:

HG: hg

QwI1

SUMQWI

SQWI

SQWDSI

PRANDL

Equivalent diameter of each cooling tube

= 2 (Cross sectional area of each tube/Tr)-

Description

Thickness of cooling tubes

Heat transfer coefficient of combustion

products

Specific heat transfer rate,hg (Taw-Twl )

Total heat input through the wall into

the coolant between the initial and

present stations based on QWI

Specific heat transfer rate calculated as

- uw

= .
Prw oy

Total heat input through the wall into the

coolant between the initial and present

(Le-1) %' hyp = ]
w

1

stations based upon SQWI

Heat transfer coefficient of the

coolant fluid

Reynolds number of the coolant flow in

cooling tubes based on the equivalent

tube diameter

Prandtl numbar of the coolant flow:

Cpy My /Ay

- 18 -~
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IUnits

ft
2

ft

BTU/ftzsec°R

BTU/ft2sec

BTU/sec

BTU/ftzsec

BTU/sec

BTU/£t2sec®R




Name Desgcription Units

RAMDL Thermal conductivity of coolant BTU/ft2 sec.’R
ZMYUL Molecular viscosity of coolant 1lby/ft. sec.
STANRE Stanton number defined as ——

SQWI/[CPSUMEx (TAW-TWALL) ]

Four Groups of Profiles are next printed. In Group I, the
EDDY viscosity e (EPS) has a unit of (lbgsec/ft2) in TBLEDY and AIREDY.
This is the only difference from Reference 1. Group II shows the
velocity boundary layer thickness, &, DELTA in inches ( § = § gg5

in TBLEDY and 8 = 6,990 in AIREDY) and the following profiles:

TAU: T Friction: (u+ €) —g“y—- 1bg/£t2
TAU/ (RE*UE2) Normalized friction: ——z -—
Pele
EPS/(RH$ UE DELTA) Normalized EDDY viscosity: — - —
YTIL/DELTA Normalized distance from wallf??& —
° Group III exhibits the following profiles:
Name _ Description Units
MU: u Molecular viscosity of combustion 1bfsec/f:2
products
Y Normalized coordinate (See Ref. 1) -—
K/UE2 Turbulent kinetic energy nondim- -—
ensionalized by Ue2
RU/REUE Normalized mass flow rate: —

d“/peue

-19 -



Name Description Units

.
MIXEDDY EDDY viscosity based on the Prandtl lbfsec/ft2
mixing length
+ 1/2
UDAG: Ut Universal velocity: ul = ufup = u/(tw/p) —

YDAG: yf Universal distance from wall: —

yh = pyuwv/u
PRT Turbulent Prandtl Number ' —_—

e Group IV shows the mixture ratio, species mass fraction, molecular
viscosity, and laminar Prandtl number.
Except for the mixture ratio in AIREDY, this group of
profiles is the same as in Reference 1. The mixture ratio in AIREDY

is that of hydrogen to oxygen and nitrogen and indicated as F/@.

- 20 -



V SAMPLE CASE

CASE I

Rocket nozzle combustion product flow of hydrogen and

oxygen with transpiration cooling.

- 21 -
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CASE II

Air flow with combustion due to injection of a mixture of

hydrogen and nitrogen.
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