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" MATHEMATICAL NODEL

APPENDIX A

I. GAS CONDITIONS

At the present time gas pressure and temperature as functioms of

nozzle area ratio must be 1nput in tabular forn. In addition when the

: cooldnt ic aot hydrogen, the properties (density, thermal conduct1v1ty,
viscosity and specific heat at constant pressure) must be Input as functions

-of temperatufe.

II. . NOZZLE GAS-SIDE CONTOUR AND STATION LOCATION

~ In the case of a conical nozzle, the Z-R coordlnates and developed
1engths X can be computed when pertinent nozzle dlmensions are known. Imn

the case of a contoured nozzle, only the stations forward of the throat can

-

‘be calculated; aft of the throat the coordinates must be fnput as axial

length meacured from the throat, and radius. The developed len gth X will

be computed by the program. For unconventional nozzlés_the data must be

input in tabular form at each station.

"The program merely breaks the mnozzle into circular arcs and comnecting
séraight lines, and computes coordinates and developed lengths at each
tangent point. It then breaks each segment down into the number of inter-

vals input as, l’ Né, etc. If any N' is not input, an approximate length

of 3 inches between stations is used. Exceptions to this are in the arc

described by R, which is usually small and is therefore taken as a single

d

segment, and the. arcs described by Ru and R, which are present1§ divided in

B
half. 1In any case, no intervals are greater than 3 inches long.

. L
_In cases where discontiunuities in the data exists such as coolant

flow rates, number of coolant tubes, or where the coolant flow changés

Girection nozzle data at these discontinuities are inserted into the contour
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) data gencrated by the program. A table of axial coordinates called TAZl is.

( used to locate all discontinuities and also to determine the flow direction

~at each point in the nozzle. .
. ° : - i ; ) . /, -

IIT.  GEOMETRIC PARAMETERS OF COOLANT TUBES

Four basic coolant tube configurations are being considered:
U~Tubes (Figure 2), Truncated Tubes (Figure 3), Round or Flattened Tubes
(Figure 4), and Rectangular Slots (Figure 5).

A, Round or Flattened Tubes. The gas—-side radius, circumference,

‘ambient-side radius, and side length are computed as follows:

: o ¥'- Tg © TRI(N, ~ ™) B S o
< : “20‘ S = T{d ' .‘ M
, i C | o o 2

| . 3. r, uuy(ZR +;2rg + s nrg)/(ZNt 4+ 77)

¢ = ' = - + . . .

(N , 4. 3 5 [s - rr(r:g ra)] R -

If 2 < 0, a round tube condition exists, and diameter, circum-

ference, ambient-side radius and side length are re-computed as fellows:

5. | d = 2r

g - -
6. s = 7d ,
7. T, = rg
8. L =0
. Calculation of flow area and equivalent diameter:

w 2 2 |
_9,. | Ag Et(rg" tm) + (ra - tm) ] + z(rg +r, - 2t.m)

-

"

10.  d
.Y e -

4 Af/[n(rg + r, - Ztm) + 22]'
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B. U-Tubes. The gas-side radius, back-side tube width, fiow area

and equivalent diﬁmeter are computed as follows: e

L 1. | I% = (wR -~ .5 Nt ts)/(Nt - )

When Af is input, £ is solved from the following equaﬁion:;
2 2 . wm L
2o a4 sy -k - 2
.+ w{r ; t )2J—‘2 A % 0 | g ;T N |
. & mn : £ i ' : . N
3. b= [21(R +'ré -+ &)/ﬁt] -t
= - - - - 1 *
b Ag ..5 ,{n(rg e )"+ 2[2(1:3 t) +b A Ztm]} Em ,m_t_.nf__ .
) _ ‘ - .. - - e o ] 3 .

5. 4, = 4 Af/[w(rg t) + _(b”t 2t )]+ »{Z‘Iﬁj]

™~ N B -
. L o e

C. Truncated Tubes. Calculations of flow area and equivalent

diameter are as follows:

1‘. rg:n'R/(Nt “ 'ﬂ') N
o B Lt 2r t
2. d = 2g [n - cos'.'1 (}E>] + —£& sin {cos— —E§]
min T rg -rg

" 3¢ dfd>d__ and d < 2r_ then
A - min g
‘a. ‘© 18 computed from the fbllowing equation:

ua = 2r {(y-0) + 2r sin O
g (770 + 2x, sl

b. =1 cos 0 I -
. g ’
. SRR =
c. " aw= sinrq'<}————%9 ' : .
| r -
g -m :
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4. Ifd <d . then
. - min

a. L=t
. m
bc o = 0'
¢c. O = cos—lig—?i)
8
2 7 - ’ ‘
5. A =‘(rg ~t) G+ (-t) <(rg -t) cos ¢

- = s/ l.r. - ) - -
6.‘ de é Af,[2(2‘+ a) (?g: tm) + 2 (rg tm) cos a;

" Whenever d > d and 4 _::_2::g then the flow area and equivalent

nin
diameter are computed as follows:

7. r,=a(R + ng + nd - nrg)/(ZI\t + w7)

. ' -8. L= .5 ;nd - Tr(rg - ré)] _ -

~If £ < O then
d = 2r

. &

T =T o o T

a g - S

s = nd T _

.= 0« E L _‘V

¥ : 2 2 | -
9. _Af==-2—[(rg - tm) + (ra- tm) ] ‘+ z(rg+ra—- 2tm,)

10, d

4 Af/[jr(rg +or, - Ztm) f 22] ‘
D. Rectangular Slots. Fldw area and equivalent diameter are
,cdmputed as follows: o SR A -
1. u=2"@®er)-3
N m
t .
2. Af = ds

LT .

L3
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Iv. GAS PRESSURE AND TEMPERATURE AT STATIONS
- After stations have been located, area ratio is calculated at each =
. " . - o .

station by: o : ’ : . -

AJA* = (R/R¥)
P_ and T are obtzined by interpolation as a function of area ratio.

B3

* V. BETA FACTOR AT STATIONS

.

B will.either be input as a function of axial length or computed by

the program.
"A. If input, interpolatiocn may be made at éach statiom.

B, If B is to be computed, it will be input as a negative value,

Having obtained gas properties at a specific station, the Prandtl number

is computed by:

Pr = uCp/k

Using Ta at the station being considered, 8 is computed as
follous: '

-~

2. 1/3 | o 1/3.
B=nlp " T I, a-r -)1 /T,

VI. - CALCULATION OF DESIRED PARAMETERS

Because TWG’ TWL* Tb and P are all interrelated, an iterative proce-

dure is used for solution. The normal procedure involves -assuming initial
values of these four paraueters, then using previous values in subsequent

iterations., At the first station, éﬁesses of TWG = TWL = 1500°R are used

and 'I‘b and P are input.
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A. CALCULATION OF THE LIQUID SIDE HEAT TRANSFER COEFFICIENI hz

At the present time there are ten different equétiops and one

table look up option which can be used to calculate h

depends on the value of the input parameter HLC.

.

The method utilized

A .01457 Mo pﬂ[ '[

L ‘o
: - C K_ |p.4d Qj *

HLC = 1., h, = I‘d of jref e - hy

e pcf _] pb DVL J
; v ™ ' ¢8 ' : 'O[‘
C ‘ CL th de v pb ' cf p(.f

HLC = 2., hl = q - - K~*@
Ny 4 .34
CL % [de v 9y M Cpy Ty

HLC = 3., hf. = d E;:-"
e L- Yy 'Kb WL

HILC = 4., h, =

L . de ucf J L 'Rcf J
. r. ) .8 1 .4
_ LR eV iy Py,
HIJC b Sc’ h E—3 d
' % e L Pb i Kb
| - T8 o 74
, C, K d vop u, Cp, i H
HIC = 6., 1 = — b |e b Zb Thy o Th
A 5 J ML
i . 18T -’} N
~ G K |4, Voo Mog CPog!
HLC - 7-, hz —-— d -——-K ———
| e | Yer | L ch
{ )
.95 ¢ = .4
_ Ly 4, v ’b My Cpyt
HLC = 8., h = —= b_e
e ] oo ! % ]
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HLC = 9.,

HLC = 10.,
HLC = 11.

|
h, = 0.00821 —==" Re Pr (1 + .0146 ———2)
- ‘ e
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h, 2= table look up from TAHL vs. TAZ input¥table;

%
h, = 0.00704 EE-Re'879 pre
- e

where all fluid properties are determined from:

§ Ta11
Thuik

Tva1l ™ Thuik

(Property) dT

Property =

The coefficient is multiplied by the following terms when K55 = 1.

1. [i + i}o ]
de

2. and the lowest value of a., b. or c.

a, (1 + 1.107 @) for the entrance to the throat regiom, .

a_\ 21 .0666 |
b. .876 [jReb R :1 for fully developed curve
. c )

tube flow
C.. (3.033 - 1.649 @) to represedit decay of the curvature effect.

Recent analysis of 2230 points of hydfogén heat transfer data
in the specific operating range of the NERVA has led to the
following coolant-side correlation for hydrogen.

.622

Resim .874 4 b

film film By Py

-

The subscript "film'" refers to properties based on the average

temperature between bulk and wall.

When K55 = 1., a factor that accounts for entrance effects is

multiplied times this expression and takes the foliowing'fbrms:

for 0 _<__x/de < 5.198
Entrance factor = 1.8

for 5.198 < x/de < 120

4.0 1.030
Entrance factor = (1 + ——)

x/de

for x/de < 120 the entrance factor has attenuated to unity
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~ Also when K5S = 1., a factor that accounts for coolant channel curvature, for
. the case in which heat transfer exists over the convex surface of. the curve

(the nozzle throat), is multiplied times the straight tube correlation and
takes the following forms: ' ‘

-~

1+ 1,128 @

ﬁ 4 \ 2- -0785
curved tube factor . 797 l:%eb,(i e _
N ) ' 2r .
c

£

2,502 - 1.16 ¢

3

in which § is the angle of curvature in radians.

For the particular value of @, Reb, and Eg_at a location on a_curved tube, the

r
c

. expression above that yields the lowest curved tube factor is utilized.

In all cases:

Kb"ub’ Py Cpb are evaluated at P and Tb' ch, Moo Pags Cpcf

evaluated at P and ch-= (TB + TWL)/Z. KWL’ Mne Pupe CPWL are evaluated at

P and TWL' |

For hz calculations for HLC = 2 through 9 the following modification

to hz is performed whenever TWL is greater than the saturation temperature TSAT:
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B. | CALCULATION OF CAS SIDE HEAT TRAﬁSFER COEFFICIENT, hg
The gas side heat transfer coefficient is calcqlé&ed by'cne‘of four
different computational schemeé depending on the input parémeter HGC. 1In
addition, the gas properties used for three of the méthods may be either
(1) NBS equlllbrium hydrogen, (2) values from 1nput tables or (3) NBS para-
hydrogen. This second optlon is controlled by the 1nput parameter GAS.

The following relationships are available for determining gas side heat

.transfer coefficient.

poasin,

< .8 )
bWo . . U f.GU £
(1) h =¢ . &8f 8L 8r
g G 2,25 .6
T D p- P
T
F .- v08 .
) b =c, AW T Hor CRog
& T 2.25 .6
7 D T P
- 8t r
LW MA__ T B u'z Cp
(3) h =¢ gf = _gf "gf
g G D2.25 M7 T p .6
o “gf r.
where: Tgf =1/2 (BTc + TWG)
pgf, ugf’ Cng, Pr.gf are evaluated at P and Tgf'

p is evaluated at Pm, T, .
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| K, ©p. VX REYEXP u. Cp. ™ PRLEXP
@ n =cy ot | e
- g Ve : £

evaluated at the Eckert reference temperature-

- oy /3 0
) T% = ,5 (TWG + Tfs) + i22 Pr (To , Tfs)

; f

Nozzle contour distance from core

[

in which: X

1

Tg, = free-stream temperature

T
o

I

chamber temperature

(5) hg = Direct table look up as a function of station location

” from.the TANG input array.

If flow rate W changes, the axial lengﬁh Zw at which the

‘change occurs will be input. If Z = 0 then W = Wg =W ,.
‘ - W ~Score g*" .
a, If Z < Zw’ W= Beore
b IfZ>2 ,W=W_, ’
- W g* -

The following table summarizes the options used for the various combinations of

HGC and GAS. (Note that internally these are changed to IHGC and IGAS).
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) VALUE VALUE RELATIONSHIP -
FOR HGC ~FOR GAS FOR hg ~ GAS PROPERTIES
1 1 ’ No. 1 NBS equilibrium hydrogen
—_— 2 No. 3 from input tables¥*
3 No. 1 NBS parahydrogen
2 - 1 No. 2 NBS equilibrium hydrogen
2 " from input tables#*
3 < . . " NBS parahydrogen
3 1 - Table look up#** Not.applicable
2 111 11
3 " 1t
4 1 No. 4 NBS equilibrium hydrogen
2 No. & from input tables®
3 No. .4 - NBS parahydrogen
/"; %YL The gas properties input tables are GASMWT, GASRHO, GASMU, GASK and
‘ ' GASCP vs. GAST.
*% The heat transfer coefficient table is TANG vs. TAZ.
C.. CALCULATION OF hr

The coefficient hr igs a function of FEFV which may either be input
as a function of axial length or computed by the program.

1. If FEFV is input, linear interpolation is performed to
obtain the value at each station.

2, If FEFV is to be computed, it will be input as a negative
value. Having already determined station coordinates computation is as follows:
(Subscript P refers to previous station)

a, If 2=0, then F =1; 1f 2 # 0, then
. 2 o
o El = (R/Z)
N

m
t

’ 2
p = (@/R)
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=
it

1+ (1+E)DE, .

e

F=.5(E, /E3 4 E; E, )

F-F
p

el
"

e

N 2 .2
E= n(R+R) /(z z)? + (R -R)

b. - Set €, = .55 and g = 1 if not input

(2]
}

7 -1
N I S Z 1 _
. [_ * (= 1) + (nkE |A) - 1)]

F fe]

@
1

2_.
Go ch /A
b 4

Tac

4

FEFV = bl(lo

. 4 4
U VICAE S
‘“?. Compute hr

4

L -15 4 4
hr = (3.3 x 10 ") FEFV (8 T, - Ty )/(BTC - T. )

WG

D. THERMAL CONDUCTIVITY OF TUBE WALL
Vargéus materials may be used for tube construction; each of which
has its own curve of conductivity as a function of temperature. Taﬁles fér '
two materials,.stainles; steel and Hastelloy X, are built into the prograﬁ
(ﬁalues are listed in Appendix D); however, provision has been made to input
tables representing any other material., Interpolation for the conductivity is
made at the.mean temperature T, :

M

. t
. sten ) e
Ty = 3Ly + 1) (Tye = BT ¢

3 -(rg + tc)/(rg + .5 tc) + T  + T ]

WG WL
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. E. OVERALIL HEAT TRANSFER COEFFICIENT
1. Cryogenic
The coefficient U based on inside wall surface area is

given by:
,U,= {[1/(hg + hr)](rg -t )/ (xg f tg),+ (tc/ké)(rg}—vtm)/~:ﬂ-_
(r, + .5 t)+ (tm/km)(rg"- £,)/(x, = .5 ) + 1/ny) -1

2, Non-Cryogenic

For cylindrical wall type:

(r -t) r +t r -t
k T h +h r o+t
: c g - r g c
r -t Y 1 -1
PR S N TR S
ok r -t h ) :
m g m 2
For flat wall type:
. - | )
t t
- 1 L. S I .
U= {jh TR TR th _E;
g r m c L . _ v

F. HEAT FLUX, INSIDE
The heat flux based on inside surface area is:
q/A =.U(6tc - T,)
G. COMPUTATION OF WALL_TEMPERATURES
1. Cryogenic .
TWGC = q/A {:(tc/Kc)(rg - tm)/(rg + .5 tc)

' 1
e /R = e /(x-S e 4 Eﬂi} + T

. b
Toc = q/A(I/hz)'+ T,
T, = gq/A ((cmlxm)'(rg - cm)/(rg - .5 cm) +rl/h£} + T
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2. Non-Cryogenic

: For cylindricai wall type: -

»3
|

WGC K - \ T

e - tw) r (r - t) r +t,
con I () H S (it
: m - ' [

1_}
BTSSR

/ ’ -

ft

b
(xr - tm) 1
Tm{c = qfA ——5-——————Km 1n (._.&_”r . + Tf; + 'rb

* , et 11 -
5 Tuge = /A gt i""“ﬁ*} ho
‘ m c 2 .
T ='q/A(1/h£) + T

b

=3
t

tm .l }‘ |
e = VA {E“'*'E_ + T,
mn )'A .

In the non—cryogenic;case; whenever TWLC > TSAT + K, then

WLC T + K and the overall heat transfer coefficient and

the above temperatures are recomputed as follows:

For cylindrical wall type:

ooy o - t) r +t r -t~ - .r
. U g—B B 4 (& g my o R - S
K.c AR + Km in r8 -t

« a1

1 r -t
h +h r -+t
g c

g r
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q/A = U(Btc - TWLC)
: Ly - tm N S ] .
) Tuee = VA Tk 1n (?’ -t ) * TuLe
: m 4 m -
% tm r .
. T = /A ( K 1a <§;‘~ tm) * Tne S

Yor flat wall type:

=}
'

-1
t t
c m 1
v {.K—"+K+h +h}
cC m
/A = U(Bt - T 0)
E ‘ tm '
. Taee = VA (E“) * Te

e
i

.. _
f
wie = /A (K ), * Tie
m
H.  HEAT FLUX, OUTSIDE

The heat‘flux based on outside surface area'is:

~

Calay = (g BT - o)
1. SURFACE AREA BETWEEN STATIONS

1. € is set equal to .8 unless input.
[ ]
2. Compute area (subscript P refers to value at previous

station) by:

A - %-c[(rg'*-tc) + (rg.;”tc)P] ’X - XP*

-.
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) Je HEAT INPUT TO CCOLANT BETWEEN STATIONS .
= /8
4 l/2(q/Ao + q'AoP) As NﬁB 7
K. COCLANT BULK TEMPERATURE
v 1. Obtain CP at P, Tb
© 2. Compute average temperature, demsity, and specific heat
) between stations (subscript P refers to value at previous station).
Tb = .S(Tb + TbP)
p = .5(p, +pp)
s - .
Cp, = .S(CP + CPP)

3. Obtain p' at P, TbP

4. COmputg Tbc

a. At Station No. 1:

-

. ”
Tye =T, - V' /(2g3C))
. in : _

b. At other Stations:

Tpe = Tpp + q/ (v EP) - (v?' - VPZ)/(ZgJ 'EP)

’

=l -5, G- 1) ray - 1] @ - 2@, 0
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C. When Tb = TbP’ theq

- - Tye = Tpp + ¢/ Cp) - (v - v? p)/(2g 3 [ )
~— L. Compute new value of coolant pressure in subroutine CALCTP. Pressure
loss is composed of friction losses and momentum losses. (Cryogenic Case)
1. At Station, No. 1

E3

a. Friction loss:

it
o
-

Pg

b. Momentdm loss. Set K 1.0 and C, = 0.0

1 1

]

unless input.

b = {K. + C. [1.895 (A/A:) ~ & (A./A 51/2 + 2.105] 1/(A./A )2}.
v RS M £171 £7% . B e |
2

(pb v©/2g)

2. Intermediate Stations

a. Friction loss. A friction factor is computed by one of
the relatlonshlps shown in (1) (2) or (3) dependlng on the value of the input

flag, FRIC, and is modified depending upon the value of the 1nput flag K5S.

(1) _If e is input:

f =0.001375 [1 + 2 x lO4 efd + yu =z 106/v d o )1/3]
e b e "b
(2) If e is not input and FRIC = 1
. ‘ ‘ )
£f=0.5 [2.54 loglo‘(v de pb/ub) - 2.17]

]

(3) If e is not input and FRIC

+

-1 the M.F, Taylor

equation is used )
‘ 0.5

> T -~
£ = 212?007 + '062532 } Tb ,
. Re.,. WL

WL =

where the subscript WL-refers to properties evaluated at the liquid (coolant)
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, This correlation was developad for surche~Reynolds~ﬁunbérs
(properties based on coolant-side wall temperature T ) of 3000 and greater and
for the wall temperature-to-bulk temperature ratio bétween .35 and 7.35. Taylor
has matched NRX-A6 full power pressure drop measurements.. By employing his
friction factor correlation over the heated surface of the coolant tube (semi-
circular portion of U-~tube) and employing a standard coolant bulk temperature-
referenced friction factor over the unheated tube surface (legs and base of '

U~tube). This procedure is implemented by means of an effective friction factor,

which is defined as: . “

' s, \ s, . |
’ feff flsT+s |t fc S, +8S ’ A
b c _ b c ’ .

]

where:

f .. = effective friction factor

eff ‘

fb' = friction factor referenced at coolant bulk temperature

fc = Taylor's friction factor correlation referenced at tube
' temperature -

Sb =~ = gurface area at coolant bulk témpevature (legs and bgse of
, U-tube)

Sc = gurface area at tube crown temperature (semi-circular

portion of U~tube)

4., ' Any of the three expressions for stréight tube friction factor

may be modified to account for the effect of curvature by applying Ito's

" correction factor.

2 0.5
(f_c0) = (f_..) Re rru
eff curved tube eff straight tube b 2Rc
if Zd and Zu are downstream and upstream'fangent points,
for Zu < Z < Zd the friction factor is modified. When Z%* < Z < Zd’ Rc = Rd;

when Zu <2 < Z*,,Rc‘= Ru' This correction is made whenever K5S = 1.

-
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- 3. : - 5. Compute ﬁf .

:) . .
e 2 .
» Eﬁrr— o X - X va - Tb,' :
Pe = %8 tﬁ FMPE s = + 2R6 ~—
. de P Tb

b. Mbmentum loss
(1) Compute momentum loss by:

P, = Py (vz_— vpz)/(Z g)

p, = [oy A v7 = (o, Ag v) 1/ 10.5 (ag + Afp) gl

(2) If a discontinuity occurs in Nmb’ momentum loss is computed

as foliows.

(a) For Nmb< N

mb_
P
g p.= (1-4a /8% (o, v 2)/(2 g)
s v fp £ b 'p 7
(b) For Nmb:> Nmbp
- [1.895 (A/A. ) - 4 (A /A, Y2 4 21051 (o VD2 B
Py : £/ % £ % . b
P P
3. The computed pressure is given by: ’
prc=pp—pf_pv
4. After the last station, the coolant has an additional loss
through the discharge passage. If not input, set K3 = 1.0, K4 = 1.0 and
Compute outlet pressure in subroutine out by: -
- s, s, M2
K, +1.895 — -4  — + 2.105 2
4 A A P, Vv
P =p - K.+ C2 f f b ‘ns
/~ out ns 3 | (Az/Af)z 2 g
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M. COMPUTATION OF COOLANT PRESSURE FOR THE NON—CRYOGENIC>éASE
All c;lculations are dane the same as for the cryogenic case.
N.  STRESS CALCULATION |
After convergence, vé1ues of hoop stress and safety factor in the
tube wail at each station are computed.
1. . Stress is ;omputed by:
0.= Prg/tm
2. Tables of yield stress for stainless steel and Hastelioy X
are listed in Appendix E and are built into the program. Provision for card

input of stress vs temperature has been made in the event other materials are

used. ‘Ihterpolation for yield stress is made as a function of TWM' A safety

-

factor is computed as follows:

F.8. = (cyP)/c

VII. OPTIONAL LEG HEIGHT ITERATION

For design cases, leg height of the tube is unknown. However,'é profile
of ng és a function of axial length can be input and an fltered.sequénce of
computation followed.

A.  Compute FEFV, B, h_, hg’ and q/Ao as normally

B. Set T ' equal to T
wge wg
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J.

reiterate.

‘Solve the following equation for £:
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Compute:
q/A

il

(a/A) (rg/(rg - tn}))
Ca/a) (rg/(rg -_-.0.5 tm))'

ty /A

n

q/A

kt

i

Interpolate for k atlT
- wg wg

Compute

2 _ 2.4 x 1077

e
f

0.5 (/k k' +k )
wg wg

~3
]

- T @R (/) (rp = £/ - 0.5 £)

=
i

QIR gy = Ty)

-3
i

twlc

1.25

a -
.

-

= {hl/v(cLAkcf) (;Jf 0.01457 M, pb/ub pw) 1

-0.5

lpgglu g) TP g

~

| | . 0.25
o [0.25 (w + 2) (rg - tm) + 0.52]

C =
N » } T2 v .q1.25
wb "'b [0.5 w(rg tn? + 2 (r tm) 1)

’.

24
% must be positive. If negative, set &= 0.

- 2 o
Compute: Af = 0.5 n(rg tm) + 2 (rg tm) 2.

dg = & A/l +2) (rp = £)) + 2 4]

Compute Vs M, U'.Tum’ q, Tbc’ and P s n&rmally.

If convergence is not attained, increment ng By 100° and
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VIII. OPTIONAL Cg CALCULATION

f .

For analysis of data, it is desirable to have the capability, to
compute the Cg that results in a given ng. In this instance Twé is input
as a functicn of axial length and calculation proceeds normaily for FEFV,
g, hr_and h

1° Alternate calculations are then made as follows.

]

A. Compute T : T
m: .

0.5 (T + T
m wg

wl)

B. Interpoclate for km £ (Tm).

C. Computer

q/A = (ng - Tb)/[(tm/km)(rg - t;l)/(rg - 0.5 tm) +’1/hl]
q/Ac'= (q/A)(rg - tm)/(rg)
. D. Compute Twlc: Twlc = Tb +Atq/A)(1/h1)
E. Set ngc = ng and compute T&é, q, Tbc’-;nd P 28 normally,
and iterate on Twl’ Tb’ and p. In case of ponfconvergenée, stop.

?‘ When converged, compute hg: hg = (q/A.o)/(BTc - ng)—

G. Compute U asvnormalli and solve the Bartz equation for Cg:

.

2 0.6

/p0.2 c)

. 2.
C =h («D
8 g( pef

5 .
| pl& W pgf)(Pr

IX. COMPUTATION OF BURNOUT-HEAT FLUX RATIO
A, Burnout value of heat flux.

. . If£EP>P .
- oerit

c%o = hQ(Tcrit - Tb)

%
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VDT = V(TSAT —.Tb),‘then:
y N, (T..-T.) M .
- 2 “MGAT b 2
Qg = [A2 + B,V .5-¢3;;~—~ ] Fo Fy
4. IfP <P . IRBQ = 2 and VDT < VDTC, then:
~— g¢rat, —
| N ¥
Qpo = [A) + By V 7 (Tg,-T) "1 By Fy
B. Burnout heat flux ratio:
J'q/A_, - .
..R - o
Bo QBo
X The following data is computed after completion of a run.

printed after the output from the last station.

A,

B.

C.

2. IfP <P

erit and IRBO

‘o o K1
‘QBO =G v

oM
s

3. If P< P .. and IRRO
— crit

Outlet pressure, See Paragraph VIII,L,&.

Outlet (mix) temperature.

Program E25107
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4

1. . Look up Hout at Pout? Tbns and Hin at Pin? T

2. ComPUte_Hmix by:

at .
Pout?’ “mix

3. . Look up T
. ST m

Temperature rise. Compute AT by:

AT = T
: m

*

. Pressure drop. COmputé Ap by: A§_= Pijp ~ P

ix

+ *bc (Hbc + Hin)]/(ﬁ + &bc)

-

out

- T

2 and VDT > VDTC where

in®

in

These are

ay
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Gray-body shape factor
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" "NOMEXRCI.ATURE

) ‘ . ' Program

" ‘Definition " “Symbol
Cross-sectional area of nozzle, in.z AA
Total surface areca between statioms, in. ABAR
Cross-sectional area of nozzle, exit, in. A AE ,
Cross-sectional area of single tube, in.2 AF, AFP‘
Surface area of single tqﬁe, in.2 AS
Area of inlet passage, in.2 AL
Area of outlet passage,,in.2 AO
Throat area, in,2 . ASTAR
Sonic velocity of coolant, in./sec AV
Spread of U-~tube legs, in. B
Constant used in solution for leg height €1
Coefficient in gas—side heat transfer coefficient - CG
equation ‘ -
Coefficient in coolant-~side heat transfer coefficient =~ CL
equation )
Constants used in computing pressure drpé €C1, cC2
Specific heat at constant pressure, Btu)lb—°R crp
Mean value of Cp.between stations, Btu/1b-°R CPBAR
Cp evaluated at Tgf, Btu/lb-°R - CPGF
Nozzle diameter, in. _ D
Undeformed tube diameter, in. ’ SMALD
Equivalent diameter of coolant tube, in. DE
Slotted passage height ) DS
Factors used in computing FEFV ‘K1, E2, E3
Surface roughness of coolant passage, in. E
Shape factor | F, FFP
Shape factor ' FBAR
Radiation factor . FEFV

- Factoyr of safety ’ FS

Friction co;fficient FC

GO, G1
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__Symbol “"Definition ¢ ~ " "Symbol
‘g Acceieration due to gravity, 386.088 in./sec2 | G
H Enthalpy, Btu/lb : . H
Hye Enthalpy of bolt coolant, Btu/lb" B ’ HBC
‘Hg Enthalpy -at P., Tc, Btu/lb . 7 He
Hin ' Enthalpy at Pjn, Tin, Btu/lb e - HIN
Hpix Enthalpy at pbut,.Tmix,_Bfullb | N . “' HMIX
Hout - Enthalpy at poyt, Tout» Btu/lb - , . HOUT
hy Gas-side heat-transfer coefficient, Btu/in.z-sec—fR. . HG
hy Coolant-side heat-transfer coefficient, HLyury .
Btu/in.2-sec-°R ' ' ' o
hy Radiation heat-transfer coefficient, Btu/in.2-sec-°R HR
J Mechanical equivalent of heat, $339.12 in.-1b/Btu - J . - .-
Kj, K3, K4, Constants used in computing pressure drop‘ K1, K3, K4,
Ks, Kg } . . : K5, Ké
Vs k- Thermal conductivity, Btu/in.-sec-°R o ,;_ ~
R ke k of tube coating, Btu/in.-sec-°R - KC
kcf' : k evaliuated at Tef, Btu/in.-sec-°R : KCF
kn k of tube wall, Btu/in.—sec~6R : o T KM, KMP
kug . k evaluated at Ty, Btu/in.-sec-°R . o KWG
k' - Factor defined in Paragraph IX,C. ; » KFAC
1 - Tube leg-height, in. ] L
M Mach number of coolant . ’ - MC
MR © Mixture ratio - - MR
Non Number of tubes through which'coolant flows _ NMB
Nt Total number of tubes ) ' NT
N'g Number of station segments between nozzle exit and N6P
downstream point of tangency '
N's . Number of station segments between downstream point N5P
of tangency and throat : y
N'y " Number of station segments between throat and N4P
upstream point of tangency ’ ) .
N’y Number of station segments between upstream point N3P

—~ of tangency aund covergency point of tangency
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Symbol
N'Z

Pr

Prer
Prgs

Pf
Pin
Pns
Pout

Prc

q/A
qa/A,
q/Aq

Piogram E25107
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. Program
“‘Definition " Symbol
Number of‘station segments in knuckle . N2P
Number of station segments iﬁ barrel section . N1p
Static pressure of combustion gases, psia PSC
Chamber pressure, psia PC
Gas pressure at location defined by Z PG
Pressure multiplier PFM
| e
Prandtl number = "
Pr evaluated at Tef PRCF
Pr evaluated at Tgf PRGF
Static pressure of coolant, psia P, PP
Dynamic pressure change f N-FD” -
Pressure loss due to friction, psi ' PF
Inlet pressure,‘psia . __PI§
p at last statiomn, psia -~ PLS
p at discharge plenum, psia POUT
Computed value of p, psia PRC
Pressure loss due to momentum, psi PV
Heat transferred to coolant between stétions, Q
Btu/sec
Heat flux based on inside surface area, Btu/in.zlsec QOA.
Heat flux based on mean metal area,'Btu/in.z-sec QOAM
Heat flux based on outside surface area, QoAQ
Etu/in.2-sec
Radius of nozzle, in. R
Radius of barrel section, in; RC
Downstream radius of curvature, in. RD
Rgdius at point in divergent section, in. RN
Upstreah-radius of curvature, in. RU
Convergent radius, in. RB
Throat radius, in. RSTAR
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Symbol

R'
Ia .

Tg

Coolant velocity, in./sec

Pfogram £25107
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. Programi
'1Definition "Sngol
Radius of curvature, in. . RCV |
Ambient-side tube radius, in. SMALRA
Gas-side tube radius,_in.A _SMALRG,
' SMALRGP
" Entropy, Btu/lb
S at P, T., Btu/lb sC
Tube circumference, in. S
Temperature of coolant, °R TB, TBP
TB calculated ~TBC
Chamber temperature, °R ~TC
Reference temperature of coolant, °R TRCF
Temperature of f£ilm coolant, °R TCF
Reference temperature of gas, °R IGF
Coolant inlet temperature, °R TIN
Mean wall temperature, °R ™
Temperature of mozzle and bolt ceolant mixture, °rR IMIX
Temperéture of gas wall, °R THG
Computed value of Tyg, °R THGC
~ Temperature of cbéiant wall, °R TWL
Computed value of Ty1, °R TWLC
Temperature of metal-~coating interface, °R- TWM
Teuperature of core face, °R T0
Gas_temperatﬁre at location specified by Z, °R TINFIN
Mean coolant temperature between statiomns, °R TBAR
Coating thickness, in. o SMALTC
Metal thickness, in. SMALTM
Space thickness, in. SMALTS
Diméﬁgioﬁ in land and groove U tube configufation . o
Dimencion in land and groove U tube configuration UL
Overall heat-transfer coefficient, Btu/in.z—sec—°R U
Gas velocity, in./sec v
Velocity of injected film coolant, in./sec VF

V¢, VP
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Symbol

“"Definition

Coolantuvelocity at last statiod;,in./sec
Slotted passage width

Gas flow rate, lb/sec

Gas flow from core, 1b/sec

Gas flow through throat, 1lb/scc

Coolant flow rate, 1b/sec

Bolt-coolant flow, lb/sec

Film coolant flow, lb/sec

Developed length, in.

Developed length for initial rise in Tgy, in.
Axial length, in.

Barrel length, in.

Z to downstream point of'tangency, in,
Overall 1ength; in. | ‘

-

Axial length from throat of point in divergent
section, in.

Z to upstream point of tangency, in.

Z to location of change in ﬁ, in.

~ Axial .length to throat, in.

Angle in truncated tube description

Divergence angle, degrees ’

Factor defining temperature recovery and/or film

cooling

éonvergence angle, degrees

Ratio of specific heats at chamber conditions
Heated area factor ' ' .
Emissivity of core face

Emissivity of tube wall _ -
Ahsolute'viscosity, 1b/in.-sec
u evaluated at Tp, 1b/in.-sec

u evaluated at Tqp, 1b/in.-sec

Program E25107
Appendix A

Program

*Symbol

VNS
W, WP
We
WGCORE
WGSTAR
we
WBC
WF -
X, XP

X1
Z, EP
ZB
2D

Z0L
ZN

Zu

yAY
ZSTAR
ALPHA

ALPHAA
BETA

BETAA

-~ EPCEQM

EPO
EplL

MUB
MUCF
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___Symbol

gt
L
P
b .

Pcf
pgf

Pw

o}

u evaluated at
B evaluated at
Density, 1b/in

p evaluated at

p evaluated at
p evaluated at

¢ evaluated at

Mean value of p between statioms, 1b/in.3

" ‘Definition -

Ty1» 1b/in.-sec
3apT_ P
Tp, 1b/in.3

Teg> 1b/in.3
Tgg> 1b/in.3
Ty1, 1b/in.3

p at previous stationm, 1b/in.3

Stress, 1b/in.

2

Yield stress, 1b/in.2

Angle in truncated tube description

Program E25107
Appendix A
Page 29

Program
" Symbol
MUGF
MUW
RHO
RHOB, RHOBP

‘. RHOCF
RHOGF
RHOW

RHOBAR
RHOP
STR

" STRY

THETA
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HEAT TRANSFER (NON—CRYOGE&IC AND CRYOGENIC)

S Iteratjon Technique

To obtain new guesses for the variables, a set of simultaneous
equations is solved for ¢3, €2, ..., g€5. These g4 are then added to the
old guesses to form the.new,guesses. .
Given variables yj, ¥p, «.., ¥y as functioms of xj, X9, «..; Xp, set

up the set qf simultanecus equations

ay 3y 9y 9y
1 1 1 1 - _
. 1 V3%, %2 tox B3t e T Ty 7Y
1 2 3 ) n
3y dy oy .9y
2 2 2 2 0
, T eyt e, o e, el T E =Y, - Y,
(*‘”’“'i . o Bxl 1 axz 2 8x3 3 | a'xn n 2 2
[ ] - !
oy 9y oy ‘ 3y ;
: n n n n_ _ 0

1 - 2 3

In our special case yl =% - xlc,‘y2 =%, - S FEPEREP yn =x, - Xn,
where the subscript c denotes the computed value. Since we want the guessed
values (i.e., X1s Kgs eees xn) to equal the computed values (xlc’ X300 ooy

xnc) the y; are set to zero.
The partials are approximated by the following method:

» 0
a YI - YlAkl"Yl ‘ -
b, x1 Axl

)

-

)
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. 0
ayl ylAx2 - ¥y
9x Ax2

0
ayl ylAxn - Y1
dy. - Axn

where the Ax:.L are all an arbitrary small percentage of the Xy and

ylaxl

il

yl(xl + Axl, xZ’_XB’ e xn)

ylix2 = yl(xl, X, f,sz, X35 oo xn)

-
-

L]

ylaxn = yl(x13 Koy Xgs eees X + Axn)

The program works in the following manner: Set up the equations (1)
by columns. The first time through the program gives the values of Yo for

the constant terms. The second time through the program, change Xy to

. %, + &x. which results in the values for column one of the equatioms. The

1 1

third time through change x, + Axl back to x, and change ®y to x, + sz to

1 1 2
set up column two. This repeats until the equations are set up. Then the

system is solved, the e, are added to the xj to give new guesses, and the

i .
whole procedure is repeated until the yg are equal to zero (plus or minus a

set limit of convergence).
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Fixed values of Pc/P to be used in setting up tables of Tw,'P are:

1.0
1.1
1.2
1.3
1.4
1.6

N

10.0

- 2.0
- | 5.0

20.0
30.0
50.0
75.0
100.0
150.0
200.0
300.0
400.0

1500.0

750.0
1000.0
1500.0
2000.0
2500.0
3000.0
3500.0

4000.0

g koA oy P

abisi oo o
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APPENDIX D
Conductivity Tables

Values of thermal conductivity as a function of temperature are:

. . Conductivity .

Material Temperature, °R " (Btu/in.-sec-°R)
Hastelloy X ' 530 ' 0.000130
660 - 0.000147
960 ' '0.000189
1060 ' 0.000193
1460 0.000263
—~ 1560 0.000277
<M} | ; 1760 - 0.000306
. . 1960 0.000335
- 2160 ' 0.000364
Stainless Steel . 210.  0.000165
' 260 0.000163
360 . 0.000178
528 - 0.000195
o 660 ' 0.000209
o 860 0.000227
1060 0.000248
1260 0.000267
1460 0.000287
1660 £ 0.000306
1860 .- 0.000327
. 2060 | 0.000345
« 2100 0.000348
(f‘ : 2250 0.000361
3 2450 0.000380
2625 0.000394

27175 ] 0.000408

1 A1 g T o AR e b 5 0
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APPENDIX E
Yield Stress Tables
Values of yield stress as a function of tgmperatdre are:

" Yield Stress

Material Temperature, °R psi

Hastelloy X 260 | ' 63000

460 48000

560 44000

- 760 39000

- 960 36000

¢ 160 34000

1660 32000

- © 1860 29000

' 2160 - 16000

. 2360 . 10000

' 2560 5000

Stainless Steel - 60 - . - 57GOO

- 160 46000
260 . 138000

360 ' 34000

460 - . 31000

¢ 660 28000

1060 23000

1460 " 19000

1760 -7 18000

1960 14000

g ) 2210 6000

o . : 2460 | 3000
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CORRELATION OF NRX-A5 AND NRX-A6
TECHNOLOGY NOZZLE TEST DATA WITH
CALCULATED PERFORMANCE

I. INTRODUCTION/SUMMARY

Calculations were made to determine factors to use with the Nozzle Heat
Transfer Program (E25107) in order to model the NERVA 75K engine. The approach
taken was to correlate NERVA Technology Nozzle data to the selected theoretical
models and determine the appropriate correlation factors. This is an extension
of the work repofted i& Reference (a) andﬂsections of that report will be. re~

peated here, in order to comnsolidate final major results in one report. -

Early scale model heat transfer tests of the Techmology Nozzle configura-
tion are reported in References (b), (c), (d), (e) and (fj. Data from these
tests indicated that the heat t;énsfer coefficients in the barrel and convergent
(ﬁ\; section of the nozzle Weféjﬁﬁtﬁ:higher than predicted by conventional methods of.
‘calculation for chemical rocket nozzles such as References (g} and (b). This
effect has also been observed in scale model tests of other nuclear nozzle con-
figurations (References (i), (j), (k), and (1)). It is due to the fact that a
conventional boundary layer does not begin to develop just aft of the reactor
core, but rather there is a deceleration and coalescing of the many discrete’
jets of gas issuing from the core into the nozzle chamber, This effect neces-

sitates recourse to empiricism in characterizing the nozzle gas-side heat transfer.

Also, advances have aéen made in the fields of fluid mechanics and heat
transfer that pertain to éhé method employed in developing the models for liquid
side heat transfer énd pressure drop. As a consequence of these developments-
it was appropriate to update the previous model andvihis was done as part of the
‘work reported in Reference (a). Since thaf time, however, some additional modi-
fications have been made to the analytical model for liquid side pressure drop
and additional test points from technology nozzles NRX-AS5 and NRX-A6 were ‘
analyzed to determine pressure factor multiplier and heat transfer surface area
(#\ multipliers. 1In addition, some minor changes were made in the computer code ifself.
! This report describes the additional work and presents an example calculation for

the NERVA 75K engine using the recommended model parameters.
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II. TECHNICAL DISCUSSION

.

A. COMPUTER PROGRAMS EMPLOYED IN DEVELOPMENT OF GAS-SIDE THERMAL MODEL

Two technology nozzles (NRX-A5 and NRX-A6) were modeled on the
E25107 regeneratively-cooled nozzle computer program (Rﬁference (m)) by inputting
the noézle geometries (nozzle contours and coolant channel flow areés). This
program solves the energy ard momentum equations for a fluid'flowing through a
channel subjected to conVective and radiative heat transfer. The major options

employed in the model are summarized below.

1. Coolant-side Heat Transfer Coefficient

J. 0. Sane and D. W. Lunsford, previously of ANSC, examined
2230 points of hydrogen heat transfer data in the specific operating range of
the NERVA nozzle and derived a new coolant-side correlation (Reference (n)).

This correlation has been utilized in the new model:
M pb) 622
Hp Py

* . 87‘4 04 . . -
Nustraight = ,00821 Ref Prf (1 + 0146

tube

A factor that accounts for entrance effects is multiplied times

this expréssion and takes the following forms:

for 0 §_X/DE < 5,198
Entrance factor = 1.8

for  5.198 < X/D < 120
4.0 1.030

Entrance factor = (1 + 275;9.

" for X/DE > 120 the entrance factor has attenuated to unity.

A factor that accounts for coolant channel curvature, for the
case in which heat transfer exists over the convex surface of the curve (the

nozzle throat), is multiplied times thé straight tube correlation and takes the

following forms:



-
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1+1.128 ¢

- } v L . 9
) DE
, curved tube factor .797 [%eb §§;:) :]

2,502 - 1.16 @

.0785

in which § is the angle of curvature in radians.
. : DE
For the particular value of §, Reb, and if-at a location on a curved tube, the
< A )
expression above that.yields the lowest curved tube factor is utilized.*

2. Friction Factor Correlation

M. F. Taylor (Reference (o)) has corrélated'frictionalipressure
drop measurements for helium, hydrogen, nitrogen, air, and carbon dioxide gases
flowing through heated tubes by means of the following expression for the

diabatic friction factor

-

: T 0.5
£ = 2(¢.0007 + 20025 _, [ D
Re . L ] 3 2 TWL
WL

This correlation was developed for surface Reynolds numbers

(properties based on coolant-side wall temperature TWL) of 3000 and greater and

for the wall temperature-to-bulk temperature ratio between .35 and 7.35. Taylor
‘has matched NRX-A6 full power pressure drop measurements (Reference (p)) by employ-
ing his friction factor correlation over the heated surface of the coolant tube
(semi~circular portion of ﬁ-tube) and employing a standard coolant bulk tempera-
ture-referenced friction factor over the unheated tube surface (legs and base'of
.U-tube). This procedure is implemented by means of an effective friction factor,

which is defined as:

*Nomenclatpre used in this report is consistent with that used in Reference (m).
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in which:
£ = effective friction factor
eff ;
fb = friction factor referenced at coolant bulk temperq;ure'i
fc = Taylor's friction factor correlatlon referenced at “tube
temperature
Sb = surface area at coolant bulk temperature (legs and base
of U-tube)
Sé = surface area at tube crown temperature (semi-circular

portion of U-tube)

This expression and Taylor's friction factor correlation were
added to the E25107 program, which already has a coolant,bhlk“temperature—referenced

friction factor correlation:

£ ‘ . V’D -
(\; | E b\ _ ,2.17]

fb = 0.5 [r2.54 logyg ™

which represents adiabatic flow pressure drop data.

The effect of curvature on the straight tube friction factor was accounted for by

applying Ito's correction factor (Reference (q))

(£ .0 _ = (£ ¢¢) R()
eff curved tube eff straight tube “o| 2R

3. Frictional Pressure Drop Calculation

The effect of temperature gradient on pressure dfep has been

included by modifying the previously used relationship to the following:

-=2 _ : T, - T,

- oV b~ b_-
Pe"2g (@m0 4 £ |x-x | +2k6 ——2P)
. —_—P T
Z "

— d
: e
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where normally K6 = 1 and PFM = 1. The inclusion of the temperature term has
caused the value of PFM required to match technology nozzle data to decrease

from values previously obtained.’

4, Entrance and Exit Pressure‘D:gE : PR :T

. The pressure drop resulting from the flow of hydrogen coolant
from the inlet manifold through the coolant tube inlet holes and into the coolant
tubes and out of the outlet holes was calculated by means of a loss factor for |
incompressible flow. The equations defining these factors are shown in Refer—

ence (m).

The entrance and exit pressure loss factors used for the

Technology Nozzles are summarized. below:

Kl’ Entrance factor K3, Exit Factor
NRX-A5 . 2.0 1.1
NRX-A6 2.0 7 1.1

5. Coolant Te@peraturé and Pressure Drop Iteration

The coolant pressure and temperature drop can be input to the

nozzle program and it will iterate on the value of a friction factor multiplier

PFM and a heat transfer surface area multiplier EPGEOM to match the input values.
of AP and AT. This option was employed for the_technology'nozzle rﬁné by in-
putting the measured AP's and AT's shown in Table I. The mean value for the
pressure multiplier (PFM) was 0.618 and the mean value for the heated area
factor (EPGEOM) was 0.887. These values were used for the analysis shown in
Table 1. The assumed gas side wall temperature distributions for the téchnology

nozzles are those shown in Figures 1 and 2,

6. Hydrogen Properties

Per direction of the Space Nuclear Systems Office.fhe December,
1969, NBS hydrogén properties were incorporated into the nozzle computer program.

Para~hydrogen properties were utilized on the coolant-side and equilibrium
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hydrogen properties were employed on the gas-side. The questibn of paré to
ortho conversion within the NERVA nozzle coolant channels has yet to be resolved

at the date of this writing.
B. GAS~SIDE HEAT TRANSFER COEFFICIENT o “

All theoretical gas side heat transfer coefficients were calculated
by the integral boundary layer method described in Reference (r). The option
utilized for determination of skin friction coefficient was the method of Coles

and the value used for the boundary layer interaction exponent was 0.25.

Another input to the boundary layer code is the wvalue for the ratio
of utilized to theoretical skin friction coefficient. This value effects the
calculated heat transfer coefficient because the relationship used to obtain

Stanton number is a modified Reynolds' analogy.

The appropriate value for the ratio of required to calculated skin

"friction coefficient was obtained in three steps.

1. The actual total heat transfer coefficient was estimated from
NRX-A5 and NRX-A6 test data using the wall temperature -distributions shown in
Figures 1 and 2 and the heated area factor and pressure multiplier previously

determined.

2. A modified version of the integral boundary layer program was
used to determine the required values for the ratio. The calculated values are

shown on Figure 3.

3. An approximate envelope curve was drawn on Figure 3 and the
ratio of actual to theoretical friction coefficient was taken from this curve for

all subsequent boundary layer analyses. It is estimated that the high ratio values

‘near the core face result from effects of the discrete jets issuing from the

core into the chamber and that these effects are damped by the contraction ahead

of the throat. Since the distance from the core face to the start of the con-

“traction is approximately the same for the technology nozzles and the NERVA 75K

nozzle, the utilized ratio was taken as a function of length in the initial zone.

In the high Mach number region where the theory is less re-~

liable, the ratio is assumed to be a function of Mach number only. The technology

P
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ROCKET NOZZLE COOLANT CHANNEL -
- . ' , THERMAL ANALYSIS PROGRAM

- (E25107)

I. INTRODUCTION

1 4

A number of computer codes have been developed to predict the thermal

characteristies of liquid-cooled tube~bundle rocket nozzles. Several of these

written at Aerojet General Corporation for liquid propellant chemical rocket -

engines were extensiveiy modified to give a new program specifically for use in
computing the heat transfer parameters for ‘the liquid-hydrogen-cooled NERVA, '
engine, This program (E25107), however, retains the capability of using con-
ventional propellants as coolants and thus provides a'flexible tool for nozzle

design and test evaluation.

II. SUMMARY AND RECOMMENDATIONS . -

A complete description of the Rocket Nozzle Coolant Channel Thermal
Analysis Program (E25107) is presented, including a users menual program listing,
and a sample problem. The program is recommended for use in designing liquid
cooled rocket nozzles, In addition, it is adaptable to any system in which a
liquid—cooled tubular structure is used to contain and direct the flow of a hot

gas. . .

111, TECHNICAL CONTENT

A, PROGRAM DESCRIPTION

 Program E25107 is a highly flexible general computer code to compute
the heat transfer parameters of tubular regeneratively—cooled rocket engines. The

version given herein has been written for the Univac 1108.

Allowance is made for variations of various geometric and fluid
parameters permitting comparisons as well as design calculations. The builk
temperature and pressure, gas-side wall ‘temperature and liquid-side wall tempera-

ture are guessed. The program then iterates on these four values until the
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computed values are equal to the assumed values within a érescribed tglérance.
This procedure is followed at various increments along the nozzle beginning at
the point where the coolant exists and terminating at the point where the coolant '
is discharged. The station data describing the nozzle contour may be‘iﬂput di-

‘rectly or may be generated by the program.
B.  PROGRAM CAPABILITIES AND LIMITATIONS

The program is extremely fleiible; a complete discussion of the
multitude of options, giveam in the Users Manual, is inappropriate at this point.
However, among the main féatures are the options available for computing the i
liquid-side heat transfer coefficient (11 equations or a tabular input), the
gas-side heat transfer coefficient (3 equations or a tabular input), and three
friction factor equations. Property data for three coolants are incorporatEd;
water, Aerozine-50 and liquid hydrogen (both equilibrium and para forms). Tube
wall material properties for stainless steel and Hastelloy-X are included; the
user may input any other material in tabular form. Coolant passage geometry may
be specified as rectangular slot, truncated, round or flattened, or U-tube.

‘Thermal radiation effects can be included.
C. USERS MANUAL
A complete and up—-to-date Users Manual is attached as Attachment (l).

D.  SAMPLE PROBLEM

.

The sample problem selected is that of correlation of NRX-A5 and
NRX~A6 technology nozzle test data with calculated performance. This problem
is presented in Attachment (2).

E. COMPUTER LISTING

A listing of Code E25107 is included as Attachment 3).

-
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NOZZLE HEAT TRANSFER

PROGRAM E25107

I. INTRODUCTION - - s

A. PROBLEM TO BE SOLVED L
This prégram computes heat transfer parameters of tubular
'x'egeneratively—éooled rocket engines . | “
Allowance is made for variations of various geometric and fluid
parameters permitting Comparisons asfwell as design-calculations.
This program is a modification of'E25106 gnd E25104 which were
written by T. M. Sheehy. |
B. METHOD OF APPROACH
The bulk temperature and bressure, gaé—side wall temperature and
liquid-side wall temperatures are guessed. The program then iterates on these
four values until the computed val;es afe equal to the assumed values within a
prescribed tolerance. This procedure is followed.at various increments along
the nozzle beginning at the point where’the coolant’ exists and terminhating at
the point where coolant is discharged. .
The station data describing the nozzle contour may be input
directl; or may be generated by the progranm. .
C. MATHEMATICAL MODEL
See Appendix A. .
D. NUMERICAL METHODS USED
1. For ; description of the iteration séﬁeme, see Appendix B.
2. Interpolations performed on the‘station data are linear.
3. Intérpolation is performed on the coolant propérties by
using a third degree interpolating polynominal’which ié B

continucus and has a continuous 1lst derivative. .
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I1. INPUT DATA | - ok
A.  DISCUSSION
This program utilizes the NAMELISf feature of Fortran IV for‘:
loading in data. A cpmplete description of how it is used will be fouﬁd in’»v
the "Namelist Usage Report, Progfam E61214*; Compuﬁ?ng SéienéeS'DivisiOn,
by N. Cull, ‘ .
B. DATA

This section provides a list, by wvariable name, aof all the

N

data used by the program together with a brief description or definition.

- T -~ DEFAULT - <
ITEM DESCRIPTION o - _VALUE

~1. ~ REYEXP " - Exponent on Réynolds number when HGC = & 0.

2, PRLEXP Exponent on Prandil number whemr HGC = 4, . - -0,

3.  ITRFL... The maximum number of iterations to 10.
convergence. When this parameter is
not input.

4. CIM... Land width for U-tube with/and or groove
) : configuration.

5. FRIC... Friction factor flag. - If FRIC is‘zero ) -1.
the friction factor equation is modified. '
If FRIC = ~1,, M. F. Taylor Equation is
used. If FRIC = 1., friction factor is
computed from equation shown in section
VII.L.2.,(2) Appendix A,

6. SUM... Output flag
SUM

SUM
SuM

i

1, short output
2, long output
3, both long and short output

-

won

7. WGSTA. .. The gas flow rate, WGSTAR,'is computed 0.
whenever WGSTA equals Zerc. When WGSTA
is non-zero then WGSTAR is input.
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15.

16.

17.

19.

19a.

20.

ITEM

YLC...

HGC‘ * 8

WALL. ..

_ MERCR...

PC...

TC...

_MR...

WGSTAR. ..
WGCORE. ..

ZW. ..

PIN. LN}
TIN. Q‘I

COEF(4,5) ..

Eclc

'Program E25107

- HGC takes on the value 1, 2, 3, or 4 -
“depending on which h equation is desired.
(See Section VI.B of Appeadlx Z.)

HGC = 3 requires that TAHIG tables be input,

Wall~type flag used only for the non-
cryogenic case. If equal to zero a
cylindrical wall is assumed. If non-
zero, a flat surface is assumed. ° (See
Sections VI.E.2 and VI.G.2 of Appendix A.)

= 0 if cryogenic case R 0.
= 1 if non~cryogenic : - - e

Chanber preccure c.
Chamber temperature : 0.
Mixture ratio ' ' . 0.
The gas flow rate through the throat ' 0.
The gas flow rate from the core ° : 0.
Thé axial coordinate at which the flow ' 0.

rate W changes. (See Section VI.B of
Appendix A.)

Coolant inlet pressure. .. , ' 0.
Coolant inlet temperature o 0.
Constants to the 4th degree polynomial used 0.

to describe temperature dependent properties.

Surface roughness of coolunt passage. ' 0.

"

Page 3
DEFAULT

DESCRIPTION ' VALUE
‘Liquid-side heat transfer coefficient . 0.
flag. HLC assumes values 1 through 11 . '
depending upon which hf relatlonahlp
‘is desired. (See Scction VI.A of
Appendix A.) HLC = 9 requires that
TAHL table be input
Gas—side heat transfer coefficient flag. v 0.
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S - | DEFAULT
ITEM ‘ DESCRIPTION . _VALUE
21. XPL@T(10)... Array of flags used to indicate which L 0.

variables to plot versus length. The
individual flags aret

XPLOT(1) = 1., coolant pressure

XPLOT(2) = 1., coolant bulk temperature
XPLOT(3) = 1., nozzle radius
XPLOT(4) = 1., coolant side heat transfer
¢ - coefficient , :
+ XPLOT(5) = 1., gas side heat transfer
coefficient

XPLOT(6) = 1., tube wall thickness )
XPLOT(7) = 1., gas side wall temperature
XPLOT(8) 1., coolant channel flow area
XPLOT(9) = 1., coolant channel leg height
XPLOT(10)= 1., gas side Cg coefficient

I

]

The short output option or the combination
~ output option (SUM = 1. or SUM = 3.) must
be used if plots are to be obtained.
22, Kl... Constant used in momentum loss equation.-‘i _C L L
‘ ~ (See Section VI.L.1.b of Appendix A.) -

_22a. K2.., Constant used in the pressure drop equation. - 0.

23, K3.., ~ Constant used in computing outlet pressure. I
(See Section VI.L.4 of Appendix A.)

24, Ké... '~ Same as above. 0.
24a. K5S... Flag set to 1. if Ito curved tube'friction' 1.
factor correction is to be applied.

25.  cC2... Same ;s above * o 0.
26. CCl... - . Same as N;. 22 , : 0.
27. AL... Area of inlet passage . - 1.0 .
28. AO ' Area of outlet passage v . . ,'v 1.0
29. CBl... Conétant ﬁsed in hz.equation. (Seé SRR 1.

Appendix A, Section VI.A.)
30. CB2... Same as above*® : : B ‘ 1.

31. AASTAR. .. Exit area/throat area ratio (see Section C
. for description of when this is needed).
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32.

33.

34.

35
36.
37.
38.
39.
40.
4.
42
43,
44.
45.
4.

47.

48,

49'

50.
50a.
51.

52.

ITEM
RC.“

RD.OI
RU.‘.

RB...
RSTAR. ..
ZB. ..
ZOL...
ALPHAA. ..
BETAA. ..
NI, ..
N2P...
N3P...

N4P. ..

" N5P...

N6P. LI 3

GAMMA. ..

EPOGE¢I. . .
EP1GEf...

) TO‘Q.

TBe .
WBC' LI )

HBC. ..

Program E25107

Page 5
DEFAULT
DESCRIPTION

VALUE _

Radius of barrel section

- Radius of curvature downstréam‘of throat

(required input when K58 = 1.)

‘Radius of curvature upstream of throat
"(required input when K58 = 1.)

Convergent radius

Throat Radiué |

Barrel length

Over—all length of nozzie

Divergence angléi

Convergence angle

Number oé points desiréd in Section 1.
Number of points éésired in Section 2.
Number of poings desired in Segfion 3.
Number of pointsg desiréd in Section 4.
Number‘of points desired in Section 5.
Number of points desired in Section 6.
Ratio of specific heats when TMACH(Ito)
table is used to obtain local values of

gas side pressure, temperature and velocity

Emissivity of core face, € . (See Section h
VI.C.2.a of Appendix A.) '

Emissivity of tube wall, € (See Section _ .

VI.C.2.a of Appendix A.) 1

-

Temperature of core face

Temperature of coolant, °R.

" Bolt coolant flow

Enthalpy change of bolt coolant




().

56.

Nozzle Heat Transfer

53.

54‘

55,

57.
58.

59.

. 60.

61.

62.
63.

64.

64a.
64b.

65.

65a.

66.

66a.

67.

ITEM

et

WF...

XI...

TCF' L IR 4

VF...
TWL. ..
TWG. ..
ZSTAR...
ASTAR...

COOL. ..

TMH...

ZETA...

CONTR. ..

ZD

U

NTOT...
SMALTC...

DUMPEM. ..

SMALTS. ..

TITLE,..

Program E25107
Page 6
DESCRIPTION
Film coolant flow
Developed length for initial rise in TFI.

Reference temperature of coolant

Velocity of injected film coolant.

Temperature of coolant wall at lst station

Temperature of gas wall at lst station

Axial distance to the nozzle throat
Throat area

Designates type of coolant used.

1, NBS equilibrium hydrogen

2, Aerozine-50

= 3, Water
4, NBS para hydrogen

[}

Molecular weight : o - -
Combustion efficiency used in computing 8.

Contour subprogram bypass flag. If CONTR=2, the
program checks the Material Curve Data Flag (TMRKM) -
to obtain the nozzle contour data. Nozzle contour
station data will be generated whenever CONTR=0,

If CONTIR=1, station data is input directly.

Z to downstream point of tangency, in.

(required input if K5S is input at 1.0)

Z to upstream point of tangency; in.
(required input if K5S is input as 1.0)

Total number of stations input

Coating thickness, te, in.

-Dump flag. If non-zero, intermediate values will

be printed after each iteration.
Space thickness, ts, in,

Title. (Limited to 80 characters.) This infor-
mation appears at the top of each page of output
(must be encleosed in quotes). For UNIVAC usage

the title is read from card preceding DATUM by A
format.- '
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68.

69

70.

71

72.

73.

74.

75.

76.

76.a
76.b

76.¢c

76.4
76.e
76.f

76.8

76.h
76‘1

76.3

Page 7
ITEM . DESCRIPTION .
NDL... Number of points in the table of discontinuities
TAZ1.
DZ... Applicable only if_contbur subroutine is used.
Stations will be spaced DZ inches apart.
NC... Nozzle contour flag:
= -1, input all stations
= 0, conical nozzle
= 1, contoured nozzle
RBO... , "Burn-Out" equations flag (see Section IX of

“Appendix A)

TATWM(25)... Values of temperature for the yield stress table
(TASTRY). (See Section VI.N.2 of Appendix A.)

TASTRY(25)... Yield stress S e

TTATMR(20)... Values of tem?erature for the thermal conductivity
" table (TAKMR). (See Section VI.D of Appendix A.)

TTAKMR(20)... Thermal conductivity of tube wall. =~ C C

TAZ(103)... Z values for the following curves: (must be in
numberical order)

- TASMTM(100)...Tube metal thickness, tm

TACG(100)... Factor in gas side heat transfer coefficient, C

TACL(100)... Factor in coolant-side heat transfer coefficient,
Cz. (If TACL is negative then C_ will be calculated
‘from a curve Ref. AGC Report RN~§—0274.)

TAKC(100)... Thermal conductivity of tube coating, kc

TATC(100)... Coatiﬁg thickness, tC

TASMD(100) ... Undeformed coolant tube diameter, d

TASML(100)... Tube leg height, L for U-tube but for the
" ‘rectangular slots it is the land width.

TASMTS (100)...Space thickness, ts

TASMDS (100)...Slotted passage height

. TABETA(lOO)...Factof defining temperature recovery, B.



76.k
76.1
76.m
76;n
76.0.

76.p

76.q

76.r
76.s8

76't

76.u

76.v

BT A S VN T P s

ITEM

TAAF(100) ...
PXM(lOO)f.;
PDM(100)...
TATWG(100) ...
TAHL(IOO)...

TAHG(100)...

CGITE(100)...

PPFM(100)...

EEFGEO(100)...

' LHITE(100)...

LH(100)...

TMKM(lQO);..

nonon

rrogram bZ>1U/
Page 8

DESCRIPTION

Cross sectlonal area of single tube, A,_.
If leg height iteration is being made §AAF mus t
input as an initial guess to avoid a divide by zero.

Table of constants from which K, is determined in
the friction loss equation. (Sce Section VI.M.2.c .
of Appendix A.) o : '
Table of constants from which K. is determined in
the dynamic pressure drop equation. (See Section
VI.M.1l.c of Appendix A.) (not used at present)

4

Temp. of gas wall if LHITE=1 or if CGITE=1
Liquid side heat transfer coefficient if HLC=9
Gas side heat transfer coefficient if HGC=3

Table from which CGITE is determined. CGITE is
the C_ iteration flag. Iteration is performed

on C Pif and only if CGITE=0. (See Section VII
of APpendix A.) ' -

Table from which to obtain PFM used in frictioﬁ
factor {(default toc zero) . '
Table from which EPGEOM is determined. This is
the heated area factor, €. ~

Table from which the leg height iteration flag
is determined. If LHITE=0, the leg height iteration
is performed. (See Section VII of Appendix A.)
This option may be used only with HLG set to 1,
10 or 11 and may not be used with the land and

- groove configuration. An error will result if the-

computed height is negative so results computed
with this option should be checked by running
with LHITE=0. '

. Table from which UW, the central land width, for

U-tube configurations is determined. See the
U-tube figure.

Material curve data flag. g

0 Stainless steel curve data is used.
-1 Hastelloy X curve data is used
41 Material curve data is being input.
(See Section VI.D of Appendix A.)
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ITEM | " DESCRIPTION

76 .w TUBE(100)... B Signifies type of ccolant tubes used as follows:
= 1, Rectangular Slots
= 2, Truncated
= 3, Round or Flattened

. = 4, U-Tube
77. TAZ1(100)... Z values for the following step functions. This

table also determines the flow path in that the
1st point of the table is the location at which
the coolant enters the nozzle and the next point
would then be downstream with respect to the
direction of flow. Whenever a discontinuity
occurs in any of the following tables the loca-
tion at which it occurs must be input twice.

77.a _TAFEFV(lOO)... Radiation factor (not used in present‘versioﬁ)

77.b TANMB (100)... Number of coolant tubes through which the coolant _ _
is flowing. ' S : S :

77.c TANT(100)...  Total number of tubes

77.4 TAWDOT (100) ... Coolant flow rate. T “’~

The next four items provide for input of all nozzle station data.

These are omitted when the contour flag CONIR = 0.

78. ) ZZZZ72(200) ... Axial coordinate Z, measured from the injectof face.
- 79. RRRRRR(200)... Radius corresponding to Z ‘

80. $SSSSS(200)... - Developed length ‘

81. | AAAAAA(QOO)... Area ratio at the point Z. (Input should be

negative upstream of the throat.)

The next five tables are used to input the gas-side transport
properties as a function of temperature. These are ignofed when using

hydrogen since the gas-side properties are obtained from hydrogen subroutine.

82. GAST(50)... Temperature

82a.  GASK(50)... Thermal Conductivity
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83.
84;
85.
8gta

85.b.

ITEM
GASCP(50)...

" GASRHO(50)...

GASMU(50)..
ASMUT(50)...

GAS...

Proglan L25}07

Page 10
' DESCRIPTION
Specific heat at -constant pressure
Density
Viscosity
Molecular wgight 6fvgas - “

Flag to determine gas side properties

GAS = 1, NBS equ111br1um nydrogen *
GAS = 2, NBS para-hydrogen
GAS =

3, above tables must be input

The next four tables provide the program with a means of deter-

mining velocity, pressure and temperature of the gas as a function of area

ratio:
86.
87.
87.a
88.
89..

39.&

the burnout heat

90.

90.a

’ 910

92,
93,

94.

TAAST (100) ...

TVK(100)...

TRHOK(100)...

» TTINK(100)...

TPK(100)...

TMACH(100) . ..

Area ratio

Gas velocity
Gas density
GasAgemperature

Gas pressure

- Used with GAMMA to .generate TVK TPK and TITINK if

input.

~

The following 14 items are constants used in the computation of

VDIC...

QOABO...
RBOFP. ..
RBOFT...
RBOAL...

RBOAZ ¢ o @

flux ratio: (see Section IX of Appendix A)

VDTC
Coolant burnout heat flux.

F

> M

o
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ITEM DESCRIPTION
95. RBOB1... By o R
96. REOBZ... : B, =
97. RBON1... ; N,
98, RBON2... N, |
99.  RBOMI... . M, |
100. RBOM2. .. M,
101. RBOK1... Ky
102. RBOCL... . ¢,

The following 5 items are used if PFM and EPGEOM are to be

determined from experimental data.

103. DPI... - Required pressﬁré drop, psi

104, DTI... Required temperéture increase, °R
105. FLAG... .Flag set to 1. if PFM optioﬂ is. used
106, ZCHAN, .. Iteration flag, see code ‘

107. . CONLHB... Flag. See Code.

108.  FILMC... B |

109. MMAT. . ’
110. PREXP. .. \

111. RBOFLG. .. >; not uéed at present.

112, RN... ‘ |

113. TF. ..

114. THK. . . E
115.  TSAT... -/
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C. = USAGE OF.THE‘NOZZLE STATION DATA GENERATING SUBPROGRAM (CONTUR)

. . The ' program will compute the station ¢oordinates,of a nozzle by .
dividing the nozzle into segments of circular arcs connected by straight »

lines as shown:

.g,

-

By input of certain critical dimensions such as throat radius, convergent S
_angie, etc., coordinates of the tangent points 0, 1, 2, ---6 are computed.
Definition of a contoured divergent secticn by mean§ of length and radial
coordiﬁates is required if tﬁe nozzle is of this type. |
Once the coordinates of the tangent points are determined, two
methods are évailable for automatically iocating stations. In the first,
the number of equal length station intervals between two tangent points can
be specified for any segment; e.g., for three station intefvals between
Points 1 and 2, input N2P = 3, If intervals are not specified or are input
zero, each segment will be divided into appro#imate 3 in. intervals between
sfaqions. For a contoured nozzle, stations in the divergent seétion aft of
the downstream point of tangency (Point 5) are located by input. Stations _

k3

are always placed at the tangent points.
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The second method for locating stations is by even interval.
This is done merely by input of the de51red print 1nterva1 DZ, and a non-
‘zero number here calls this method. This interval is held throughout the
nozzle regardless of whether it is conical or qontoured. Again, stations

are always placed at the tangent points.

Because the program works progres¢1vely in the dlrection of |
coolant flow, it is necessary to input the points of entry and exit of the
coolant as axial distances in the TAZ1 table. 'In case of a discontinuity
such as a tube split, change in direction of coolant flow or change in cocl-
ant flow rate, a double staticn must be input in the TAZ1 table. If a
station is desired at a certain.locafion, include a single point defining
the location in the TAZ1l table. Alﬁays input TAZ1 data in'diréction of

coolant flow.

- Certain dlmen51ons are requzred to be input for an y case in

Ehlch Subroutine CONTUR is u zed., Theae ares

 Chamber tadius - N A _ (Ré)

Throat radius : S o (RSTAR)‘ L ,
URAD T ; ISR
DRAD ST S ¢ o
Convergent ratius ' . (RB) :
Convefgeﬁt angle o ‘ ‘A:(ﬂ) |

" Divergent angle at DPT A ' ()

Other dimensions are required to define the relative location of
the nozzle forward end, throat, and exit. To accomplish this, any pair of

-

the following may be used: ‘ : nel

AASTAR, ZOL : o S
AASTAR, ZB ' o
" AASTAR, ZSTAR

0L, 2B

20L, ZSTHR
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If more than ome pair is input; the pair nearest the top of the list is:
used; i.e., if AASTAR, ZB, and ZSTAR are all input, the contour will be com~
puted using AASTAR and ZB. - '

. In the case of a contoured nozzle, input of AASTAR is automatic ~-
as it is computed from the last point defining the contour; therefore, only
a length dimension (Z0L, ZB, or ZSTAR) is required. The contour is input by

defining points aft of the downstream point of tangency (Point 5) by axial

_distance from the throat and radlus. Values are input in pairs of axial

_distance and radius, one pair per card, with Z in columns 1 - 10 and R in
columns 11 - 20. After the last pair, include one card with a -1. between

columns 1 and 10 to signify end of table.

. The following examples are included to demonstrate input.
(See Flgure A)

~.,

. 1. Given: Comnical nozzle, coolant enters at pt. (6) and exits -
T . at pt. (0). Overall length and barrel length known.
A print interval of 2 jr. is desired, Thevre i35 &
+ - tube split at axial distance 15 in.

Input: NC = 0., RC = 14., RSTAR = 5., RU = 3. 5 2.,
RB = 4.5, ALPHAA = 17.5, BETAA = 45., ZOL 43 5,
ZB = 9,, DZ = 2,, RDL = 4., TAZ1 = 43.5, 15., 15.,
OQ, C . . .

.24 Given: Conical nozzle, coolant enters at forward end, flows
aft and reverses direction at aft end, and exits at
forward end. Area ratio at exit and length to
throat are known. Stations are desired at axial
distance 5, 14, 17, 19, 20, 25, 35 and 43.5 in.

Input: NC = 0., RC = 14., RSTAR = 5., RU = 3.5, RD = 2.,
. RB = 4.5, ALPHAA = 17.5, BETAA = 45., AASTAR = 9.,

ZSTAR = 21., DZ = Q., NDL = 18., N1P = 1., N2P = 1.,.
N4P = 1., N5P = 1., N6P = 1., TAZ1 = 0., 5., l4.,
, 17., 19., 20., 25., 35., 43.5, 43 5, 35., 25., “o.,
* - 19., 17., 4., 5., O., i

-
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- Given:

Input:

4.

Given:

- Input:

- - .

" Program E25107
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Contoured nozzle, coolant enters at axial distance
28 in., flows aft, reverses direction at.the nozzle
exit, flows forward to a tube split at axial dis-
tance 28 in., continues forward and exits at the.
forward end. Overall length is known. Approxi-
mately 3 in. is desired between stations-'except
between points (3) and (4) where 8 stations are
necessary (the number of intervals is therefore

8 +1=29). ;

NC = 1., RC = 14., RSTAR = 5., RU = 3.5., RD = 2.
RB = 4.5,'ALPHAA = 35., BETAA = 45., 20L = 42,,
«DZ = 0., NIP.= 0., N2P = Q., N3P = 0., N4P = 9.,
NSP 0" I\GP = 0., NDL = 6., TAZl = 28;’ 42.,
42,, 28., 28, 0., . .
NOTE: Place cards containing points defln ng

contour behind &ED card,

Contoured nozzle, coolant entry at forward end and
exit at aft end. Contour is to be input.

CONTR = 1., ZSTAR = 21., NTOT = number of poznts
input 222227 = (Axial distances to stations),
RRRRRR = (Radius at statlous), SSSSSS = (Developed

length te stations measured from forward end),
AAAAAA = (Area ratio at stations) :
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nozzle Mach number distribution is shown on-Figure 4. This profile was calcu-
lated as described in Reference (a). The friction coefficient ratio curve shown
on Figure 3 is recommended for NERVA 75K engine analyses until more appropriate

calculation techniques are developed.
C. EXAMPLE CASE

In order to illustrate use of the developed factors an example case

was calculated for the 75K engine using the E25107 computer code.

.The first step in the analysis was to calculate the gas side heat
transfer coefficient distribution using integral boundary lajer code,with.the
factors shown on Figure 3, appropriate chambér conditibns, surface Mach numbef
distribution and estimated wall temperatures. The resulting heat transfer co-

efficient distribution is shown on Figure 5.

‘This distribution along with the other neceésary data were specified
for typical 75K engine conditions and the resulting output is shown as.Table 2.
The calculations predict lower gas-side wall temperatures than previously cal-
culated for similar conditions in,the barrel and initial portions of the conver-
gent section. The maximum temperature is approximately 30 degrees lower than
previously calculated for similar conditions.‘ The over-all coolant temperature

rise and pressure drop is approximately the same as previously calculated.
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SUMMARY OF DATA USED TO DETERMINE VALUES
FOR HEATED AREA AND PRESSURE DROP FACTORS

LADLE 4

rre. .on  Time PIN TIN - WGSTAR WGCORE. TAWDOT  DPI DTl Pc Tc EPGEOM  PFM Rﬁgﬁggr
_F b _Sec PSIA °R lb/sec 1b/sec lb/sec  PSI _°R PSIA R - - M.H.
1 25245-250  267.9  45.0 . 33.1 331 319  26.4 25:1  180.9 1919 .5644 5385 229.7 (1)
2 25395-400  875,2 52.0 71.0 71.0 68.5 140.6 102.9  571.2 4095 .8802 5708 1116
3 25475-480  857.0 52.2  70.9 70.9  68.4 136.1 97.6 557.5 3939 .8579 5977 1063
4 25680-685 8541 . 52.0 70.7 ~ 70.7 68.2 135.7 98.3 554.6 3912 .8625 .5828 1049
5 25900-905  870.7° 52.5 71.0 71.0 68.5 140.7 102.4 = 563.5 . 4003 .8771 .5579 1084
6 26045-050  870.5 52.7 70.9 70.9 68.4 141.5 102.5 562.5 4004 .8766 .5722 1083
7 26175-180  868.5 = 52.8  70.8  70.8  68.3 140.5 102.7  561.5 4005 .8776 5454 1081
8 26247-252 868.6= 52.8 70.7  70.7 68.2 - 140.7 103.4 560.6 4003 '.8812 .5368 - 1079
X _A-5 EP-IV .
9 12935-940  757.5 5.3  70.4 70.4 67.9 115.8 /1.5  498.5 3245 .7393 .7522 847.4 (1)
10 12970-975  880.3  52.7 70.2 "70.2 67.7 144.8 -103.0  569.6 4168 .8730 .7188 1125
n 13000-005  874.7 52.4 70.2  70.2 67.7 143.4 102.2 565.6 4122 .8714 7103 MM
12 13190-210  875.7 52.2  70.6  70.6 68.1 145.5 103.4  564.1 4048 .8805 .6857 1091
13 13270-275 -876.3  52.2 70.5 70.5 68.0 146.1 104.2  563.5 4056 .8844 .6834 1093
14 13540-545  878.2  52.4 70.2 70.2  67.7 150.2 106.2  562.0 4079 . .8932 .7318 1099
15 13810-815  876.5  52.0  69.6 69.6 67.1 151.0 109.1  557.9 4118 - .9082 .7269 1096
gz_é_ 211 B B
16 14250 790 47.9 671 671 64.3 112.0 86.7 533.0 3982 .B843 .5854 1022
17 14400 876 49.0 72.5 72.5 69.5 134.0 92.8 580.0 4050 .9074 .6484 1122
18 16200 890 50.0  73.3  73.3 70.3 139.0 97.2 587.0 4060  .9266 .5614 1135
19 17700 901 51.4  73.1  73.1  18.1 141.0 100.3  594.0 4156 .9356 .4880 1170
19a .8819  .5169 - 1170

Repeat of Run 19 except wall temperature

increased by 100°R.

For 17 Samples

PIN -

TIN
WESTAR
WGCORE
TAUDOT
pPl
DTl

B
Te
EPGEOM

PFK

PFM -

Mean
EPGEOM = BB87
.618

Nozzle Inlet Pressure

Nozzle Inlet Temperature

Gas Flow Rate through the Throat

Gas Flow Rate from the Core

Coolant Flow Rate

Required Pressure Drop

Réﬁuired Coolant Bulk Temperature Increase

Chamber Pressure

Chamber Temperature

{1) Low power runs - neglect.

Wall temperature profile will not match
these runs.

Heated area factor = g, for ca]culatiné surface area between stations,

Agmg e llrg - t) + (rg - t) 1 X - x|

.

Pressure multiplier, for calculating pressure loss due to friction,

. B - O )
PE" 25 1(Pri) 4 fogp | xnp] v a6 B0
: L2 T

d

e

T

b

21

2
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~ | SAMPLE COMPUTER CODE OUTPUT
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ATTACHMENT 3

COMPUTER LISTING

"ROCKET NOZZLE COOLANT CHANNEL

THERMAL ANALYSIS PROGRAM

" (E25107)

N8110R:72-036
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