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I. INTRODUCTION
The BODEPE computer program is intended for the SNAP-8 boiler heat

and momentum transfer analysis. The analytical correlations are based
on wetting and non-wetting two-phase flow models postulated in the different
vapor quality regions of the boiler. Conventional single-phake heat transfer
correlations were utilized for the analysis of the preheat section. The heat
transfer in the superheat section was congidered in the light of a helical
flow regime. The latter involves the determination of forced and free con-
vection heat transfer effects on thé working fluid. The make-up of the code
permits it to calculate the minimum plug insert and total boiler length
requirements at any boiler design specification. The code also permits the
evaluation of the boiler performance characteristics at many off-design
operating conditions. The results of the calculations are provided in
tabular form showing the nodal boundary state conditions of the working
fluids and the local heat and momentum transfer parameters.
II. METHOD OF ANALYSIS

The basic method of the analysis is to subdivide the boiler length

into a series of small nodal increments and to write the coupling heat

and momentum transfer correlations for each length element. The boiler
preheat and superheat sections are subdivided by taking equal increments

of the mercury temperature rise. Similarly, the vapor quality region is
subdivided by taking equal increments of the vapor quality. The solution

of the coupling equations in each ndde provides the local thermal and
dynamic operating parameters, node length and node boundary state conditions.
The latter serve as input values for the following node calculations.

IIT. DESCRIPTION OF THE PROGRAM

BODEPE is written in modular form with a main program acting as a
calling program for a series of subroutines which perform various segments
of the calculations. The flow chart of the program is shown in Figure 1.
The flow charts of the various subroutines of this program are shown in

figure 2 through 9. There are eight subroutines tied directly into the
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main program.

as follows:

The subroutine identifications and their functions are

READ(JOJO) - Provides the input data. It reads one (1) comment card

POWBAL -~

CONSTS -

and ten (10) data cards and checks for their proper seguence
in each data card set. In case of imprgper card order,
the data compilation 1s discontinued and the error
identified by appropriate print-out statement prior

to return to the main program. The succegs or failure
of input data read-in operation is transmitted to the
main program by JOJO=1 or 2, respectively. The input
card listing is provided in Table 1. The flow chart

is shown in Figure 2.

Calculates the thérmal power requirements and the NakK
flow rate or exit temperature. As shown in Figure 3,
the flow pass in this subroutine depends on Input values
provided for the NaK exit temperature (TNBO) and the total
NaK flow rate (WNTOTT). There are two possibilities:
(a) ITNBO # O, WNTOIT = O, and (b) TNBO = O, WNTOTT # O.
Case (a) determine the total NaK flow rate, WNTOT, using
TNBO as argument. Case (b) determines the boiler NaK
exit temperature, TNBO, using WNTOT as argument. The
zero input values of TNBO and WNTOTIT are forcing the
calculations through the prescribed flow passes.

As shown in Figure 4, this subroutine calculates the
thermal pass resistances and the thermal and geomztric
constants for three different mercury flow passage
containment configurations and three different mercury
flow passage internal geometries. The flow passages
considered in this code are: single metal tubes,
bimetal tubes and double containment tubes with stagnant
liquid-metal layer separating the outer and the inner

tube. The internal geometries are identified by IGEOM



number. IGEOM = 1 refers to multipassage plug insert
(MPP) and single fluted helix (SFHX) geometries placed
in the mercury tube. Two (2) different single fluted
helixes, SFHXI and SFHX, are employed when IGEOM = 2.
The program also can utilize a single mercury tube
internal geometry, e.g., SFHX, throughout the boiler
length, in such a case IGEOM = 3. The swirl wire
turbulator geometry is identified with SFHX when the
center. bar diameter is reduced to zero (DBAR = 0) and
the helical strip thickness (THICK) reduced to a
negligible value.

MPPPH(NOGO) - Refers to boiler preheat section analysis (Figure 5).
The input data are provided from the preceeding sub-
routines via a series of common statements. The
calculation is initiated with the trial values for
the boiler inlet pressure and the preheat section
pressure drop. The determination of the latter
involves the iteration procedure in this subroutine.

The determination of the former involves the iteration
procedure extending through a portion of the main
program. When the radial and axial temperature
distribution of composite wall heat transfer pass

is not of interest; this portion of the calculation

can be omitted by setting the input value of JTABLE = O.
The failure of the iteration process to meet the
convergence criterion is recorded by an appropriate

error message and the program is returned to BODEPE

with NOGO = 1. This flag notation terminates the
calculation and causes the main program to use the

next input data set. 1In cage of satisfactory convergence
test, this subroutine identifies the geometry of the case
and assigns appropriate flag value (NOGO = 2 or 3) to be

utilized in the main program.




MPPXP(IOIO) - Is utilized to calculate the local boiling heat and

SFHXX -

momentum transfer parameters in the plug insert vapor
quality region (XP) next to liquid-vapor interface.

Both the multipassage plug insert (MFP) gecmetry or the
single-fluted helix (SFHXI) geometry can be used in this
subroutine. Depending on an arbitrary input value
provided (DELMPP), this subroutine calculates the plug
insert vapor exit quality (X(IMAX)) when DELMPP # O.

These conditions refer to boiler design and performance
analysis respectively. The calculations of this subroutire
are completed with one of the possible three I0IO flag
values. Flag value IOIO = 1 indicates that the calculated
pressure (PXP) level is acceptable and the main program
will call in action the next subroutine (SFHXX). Flag
value of I0I0O = 2 requires the correction of the trial
value of the boiler inlet pressure., Consequently, the
main program transmits the calculation back to subroutine
MPPPH, IOIO = 3 says that allowable iteration passes have
been reached and the calculation of the current case is
terminated by the main program.

This subroutine alsoc uses a root finding subroutine
to find the roots of nonlinear equations. The subroutine,
called ROOT, uses function programs RPROOT or XPROOT to
calculate the non-dimensional liquid film thickness at
the tube wall,

Contains the heat and momentum transfer correlations
applicable to the geometry of a single-fluted helix or
swirl wire turbulator in the vapor quality region up to
x = 100%. The local wetting and non-wetting heat and
momentum transfer parameters and node boundary state
conditions are calculated on the basis of nodal wvapor
quality incrementation. The program also utilizes the
subroutine ROOT in conjunction with the function programs
ROROOT AND TFROOT, The former defines the non-dimensional
liquid film thickness at the tube wall. The latter defines
the temperature drop across the mercury film in droplet-
rivulet two-flow regime. Once the 100% vapor quality point
is reached, the calculation is terminated and the program
returned to BODEPE.
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SFHXSH(NONO) - Calculates the superheat section length, establishes
the local heat and momentum transfer parameters and nodal
boundary state conditions of the working fluids. In case
of the boiler design calculations, the input value of
DELTOT = 0.0 and the total boiler length (ALSH(IX)) is
calculated. In case of the boiler performance evaluatior,
the input value of DELTOT represents the available total
boiler length. The calculated boiler exit pressure (PEXIT)
is tested against the prescribed input value of PHBO,
Nonconvergence 1s identified by NONO = 1 and the calling
program initiates another iterative pass. In case of
convergence the program completes the closing calculations
and provides the flag notation NONO = 2 for the main
program, This subroutine also utilizes the subroutine
ROOT in conjunction with the function program SHROOT,
which defines the temperature drop between the tube
wall and the bulk mercury vapor.

OUTPUT - This subroutine has the capacity to print out the results
in several forms. Only the input data table and a single-
Page summary printout of the results is provided when ITABLE
is set to zero, The setting of ITABLE = 1 and JTABLE = 1
results in complete printout of the results. When JTABILE = O,
the calculation and print-ocut tables of the composite wall
temperature profiles is omitted. The flow diagram of this
segment of the program is shown in Figure 9.

Complete listing of the program is provided in Appendix A.

Iv, NaK and Hg PROPERTIES

The NaK and mercury transport properties are entered into‘calculating

subroutines by calling the required fluid property subroutine. Each such a
subroutine contains tabular data covering the property of interest. The
dependent variable of interest is interpolated from the tables using sub-
routine INT4 and the independent variable.
V. INPUT DATA

The input data card format is given in Table 1. The first card in
each input data set must be the title card marked "00l." The title card
is followed by ten (10) input data cards marked "101 - 110" in ascending

order. The last card is marked "O" in format I3. It terminates the

program when no more input data are provided,
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V1. PROGRAM LIMITATIONS

The use of this program is limited to “once through" type NaK-to-Hg
boilers of counterflow configuration. The program can be used for other
fluid combinations providing their transport properties are made available
in the form of function subroutines. Only helical flow passage geometries
can be utilized for the boiling fluid. The program accepts both a single
helix or two different helixes placed in series in the boiling fluid tube.
The series placement of the helixes limits the first helix (plug insert)
vapor exit quality calculation up to the point of wetted boiling termination.
Because the drywall boiling heat and momentum transfer correlations are not
provided in subroutine MPPXP, the calculation in this subroutine is limited
by (X(IX) S XWET.

VII. PRINCIPAL DESIGN CORRELATIONS

The determination of the preheat section length and its heat transfer

parameters is based on Dwyerb(l) correlation:

1.82Re +0-8

(GM/v)l'EJ-

The heat and momentum transfer correlations in the vapor gquality region

Nu =7 + .025 [Pe - (VIiI-1)

(2,3)

are those derived from the wetting and non-wetting, two-phase flow models.
The early vapor quality region containment in the MPP or SFHXI is treated
as wetted boiling region with laminar annular liquid-film at the tube wall
and turbulent vapor core. When expressed in non-dimensional form, the

liguid f£ilm thickness is

%l =
}..v

(Viz-2)

e}

In case of MPP, the non-dimensional film thickness p is the root of the

following non-linear equation:

3
> 2 2.
108. y L -@ 5 - %(bpl) | 2.2
5 57 I — = (1 -99) (VII-3)
int” ©[Be +2(p - p') + ﬂBp’J




where

xp P

X=—2E (VII-L)
(1-x)p b
NN.rp

y=+20d (VII-s)
* Yoo

Knowing the liquid-va}f)or‘ interface radius (r ), the two-phase pressure drop
factor is dete(mlyed TOMm: 1

op

A
- (QE
aX ap
2. . W 273
- + I - e, I
5 - _int pry + 2(r) - xp) +guer, )l (r, - =705 + glery) (VII-6)
T g 1 2 2y .’ 2
tube Bro + 2(ro - r2) + 2ﬂpr2 (rl r2 )2 + g(Pre)

The corresponding correlations for the geometry of SFHX are:

2 2
ri Yo t-0 all o
‘2‘X D‘— 3 + £ X I +
ol LI intl \p
3 2 2 b4
\/(LWr ) X%y o 1oe ) + (lm ) 2y {EL_Q) -
Sint By 03 Sint ™ P (VII-34)

2 p 1~
1 - (__._r.l___ (T)é ( 1 (VII-6A)
=zl

The derivation of Equations (VII- 2) to (VII- 6) is provided in
Appendix C.



he heat transfer in wetted boiling region is calculated from
!
Mo = C = (VII-7)

where C and @ is a bolling mode constand and liquid film thickness respectively.

ror drywall boiling or droplet-rivulet flow regime, the Nusselt modulus is

) 1 7 ,8/15
6.6 n ( Bn L>
k A :
(3600 ko1 g/, e 1% e un)
where
G ™D
Uy = = — (VII-9)
P, P
- 1 - X
v (VII-10)
L 1+ (pg/p, - 1) x
n=n o (VIT-11)
o ——
X
'he solution for the temperature drop across the boiling fluid film
is obtained from
3/5 I
T\ - = VII-1Z2)
ATF + R C) TF ATB 0 (Vi1
where
1 =
1%k 6.6 n (g yL)
C, = 5 v n .p 7 575 (VII-13)
h [% kv/36OO ho. (pv F) uTV]
R. 1 - - -
R Ry R R Ry R, ROR R
R=g TR 3 *t R I t R T (Vir-ik)
T T Vi T M23 ST M2 Ta



The two-phase flow pressure drop factor in drywall boiling regime is
determined from Marlinelli-Nelson correlation @gtt - f@ﬁtt) plotted in

I'igure 10 where

} (Vir-is

. AL (x0) _
bP o §V_D (VII-15)

The heat transfer in vapor superheat section is determined from the

following correlations:

hSH = Boorced © hfree (VII-16)
where
12k pt/3 nDl\2/3 De, [2/3 1/3
= Do 1) = & -
heooo = 5o Ny (7.1) S 5] Deg Tp (VII-17)
t .07
Rel Pr

The determination of AT_ requires the solution of the following correlation

F
R+h + 1 AT
1.333 forced B _
ATF + T ATF =5 =0 (VII-18)
where
2
12k /3 ,ﬂDl) /3 Dey | /3
v [ !
F o= Nu (7.1) ! ‘———} (vir-19)
. 07 8
Det L Rei3 - T4ip Deﬁ
lekv
. -20
hforced Deh Nuforced (VII )



The helical frictional pressure drop coefficient for "vapor flow

only" is determined from

1.75 1.25 3 _ 2 {
.36\ (A D . \°[D - b /AH 1D | cos o
—25' — — + .058)4- - \""‘" M
Re, "7\, D, p |\, + o /la ] o,
(vir-21)
The derivation of the Eq. VII-21 is provided in Appendix C, Section C-6.
| : (5)
C-7 SINGLE-FLUTED HELICAL FLOW PASSAGES (SFHX) GEOMETRY
SFHX 1s defined by:
DT - tube ID
DB - center bar diameter
t =~ helical strip thickness
P - pitch of SFHX
The geometric parameters are:
DT
RT =5 - tube radius
DB
RB =5 - bar radius
w22 constant
b
fned 2 { i 3
Porth T 2mn RT 40 - orthogonal pitch, tube ID
2 1
- W _ . .
Porth B 2 RB orthogonal pitch, bar diameter
2m RT
%T = = -t - wetted perimeter portion on tube ID
Vi+ (8, @)
" By
-5B = -t - wetted perimeter portion on bar dia.
jJi + (RB w')2
2 . . . . \ s
9B = 5 - -%B circular projection angle, radians
1+ (Ry w')
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21

eT = 5 - & circular projection angle,
1+ (RT w') ridians
ee1/2
Y = |R 24+r2. 2R cos (—-B ~ T
= |Bp * R - 2Ry 5 )
- wetted perimeter portion on
helical strip
Pw =-ZT +-ZB + 2Y - total wetted perimeter of helical

flow crossection

2
Ay = :g-”—\/l + (w? RT)2 -'\A + w! RB)Z - t(RT - RB)

- helical flow crossection area

MAH
De, = 5 - equivalent diameter, helical
H Pw
A, =1 (D 2.p 2) - linear crossection
L L M B
Dez = DT - DB - linear equivalent diameter
RATIOA = 'Az
DeH
RATIOD = —=
Deﬂ
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VIII. SAMPLE PROBLEM

To demonstrate the use of the BODEPE computer program for a boiller

design evaluation a sample problem is specified on 80 column input sheet
as shown in Table 2. The nomenclature of the input sheet values is provided
in Table 1. The problem involves the determination of the boiler operating
local heat and momentum transfer parameters and the establishment of the
boiler tube length at prescribed secondary fluid (Hg) flow rate, inlet and
exit temperature and exit pressure. The primary fluid is Nak and its inlet
temperature is defined. The design specification also defines the gecmetry
of the Hg flow passage and the thermal pass and its materials. The BODEPE
results of this problem are provided in Appendix B. They are:

OUTPUT 1 - is the summary tabulation of the results of the boiler

design and performance analysis,

OUTPUT 2 - preheat section, nodal tabulation of local heat and
momentum transfer parameters,

OUTPUT 3 - vapor low quality region in plug insert section, nodal
tabulation of local heat and momentum transfer parameters,

OUTPUT 4 -~ vapor quality section, nodél tabulation of heat and momentum
transfer parameters up to x = 100%,

OUTRJT 5 - wvapor superheat section, nodal tabulation of heat and
momentum transfer parameters,

OUTPUT 6 - print-out of input data.



NOMENCLATURE

- Constant

Dl - Tube ID
De -  EBEquivalent diameter
Deh - Equivalent diameter, helical
Del - Equivalent diameter, linear

Det - Equivalent diameter, tangential
8c - Gravitational constant
hfv - Vaporization heat
h - Heat transfer coefficient, forced convection

forced
hfree - Heat transfer coefficient, free convection
hSH -  Heat transfer coefficient, vapor superheat region
Nl - Number of tubes

N2 - Number of flow passages in plug insert
Nu - Nusselt modulus

u Nusselt modulus, forced convection

forced
Nul - Nusselt modulus, linear
ng - Initial droplet population

n - Local droplet population

P - Pitch, pressure

Pr - Prandtl modulus

R - Thermal resistance between bulk NaK and mercury tube ID

Rel - Reynolds modulus, linear flow
T - Radius
r - Radius, tube ID
o}
ry - Liquid~vapor interface radius in divided two phase flow model
r, - Radius (See Appendix C, Figure C=~3-2)
Uy - Velocity, tangential
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Flow rate, total

Vapor quality, mean
Initial vapor quality

Moisture content

Lengths incriment

Pressure drop, two phase

Temperature drop, mercury film

Pressure gradient, two phase

Pressure gradient, gas phase only

Angle, volumetric expansion

Liquid-vapor interface frictional pressure drop coefficlent,
divided two phase flow

Frictional pressure drop coefficient, tube wall

Dynamic viscosity, liquid

Dynamic viscosity, vapor

See Appendix C, Figure C-3-2
Density, liquid

Density, vapor

Two phase pressure drop factor
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FLOW CHART — BOiler DEsign end PErformence enslysis

10i0=-3

.
P

sTOP

v N
NO

1010 =1

NO

DTPPLO

NOGO =3

A

CALL
SFHXX
/]

NONO = §

NO

4

CALL
SFHXSH

ITERZNKT

NO

PEXIT « PHBO

v

Figure 1
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FLOW CHART - SUBROUTINE READ (JOJO)

READ (J0OJO)

BODEPE
CALL

Y

1CARD =0 '

WRITE
SEOUENQE
ERROR'

} CARD = 101 +110,

YES
JOJ0~ 1
RETURN TO 7 .
BODEPE -
NOMENCLATURE:
1CARD = 0 Last cand in input data deck
I CARD = 1 Flrst card of input data set, comment

1CARD ~ 101~110 Ton deta cerds of input data st

Figure 2
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f

FLOW CHART — SUBROUTINE POWBAL

: POWBAL

CALCULATE
THERMAL POWER
REQUIREMENT

TNBO # 0
WNTOTT =0

CALCULATE
WRNET, WNTOT

CALCULATE
WNNET, TNBO

‘ RETURN TO
BODEPE .

Figure 3



1068-NF-1139

FLOW CHART — SUBROUTINE CONSTS

CALCULATE
COMPOSITE TUBE
WALL RADH

.
CALCULATE c;gs:tgve CALCULATE
SINGLE METAL CONTAENT BIMETAL
TUBE RADII TUBE RADN
UBE RAD! TUBE RADI
v L v
CALCULATE
NAK FILM AND
Ao v me— TUBE WALL L
THERMAL
RESISTANCES

CALCULATE
CONSTANTS FOR
COMPOSITE WALL

AXIAL TEMP,

PROFILES

CALCULATE
SFH:

A

X
‘ GEOMETRY ‘

RENAME PH CALCULATE CALCULATE
GEOMETAY Mep SFHXI
WITH SFHX GEOMETRY GEOMETRY
A
v /

M <

v
y

Figure U
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FLOW CHARY — SUBROUTINE MPPRM (NOGOD}

( sopePe MPEPH

CALL
vy

CALCULATE
TRIAL VALUE FOR
PHBI

1

CALCULATE
TRIAL VALUE FOR .
oreH

¥

DO LOOP
MEAT & MOMENTUM|

CALCULATION

18 THERE vES

£0DY
CONDUCTION

No> T N - 7v0.020tEEr"

CALCULATE
TAANSFER

NO

CALCULATE

AXIAL TUBE

WALL TEMP.
PAOFILES

Y

MESSAGE

i NOGO = 1

TrEsTlc CONY'
TTPP >0

WRITE
ERROR
MESSAGE

RETAUN TO
( crmont H wow0 - 1 ]
NO

RETUAN TO 3 " 3
BODEPE

Fhare o
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BODEPE
CALL

CALCULATE
MPP GEOMETRY

v

SET XP SECTION
INLET BOUNDARY
J CONDITIONS

J

v

CALCULATE
LOCAL HEAT
TRANSFER

PARAMETERS

CALCULATE

LOCAL 2-
“@—=< PHASE PRESSURE

DROP FACTORS

CALCULATE
LOCAL 2-
PHASE PRESSURE
DROP FACTORS

!

CALCULATE
LOCAL HEAT
TRANSFER
PARAMETERS

>
g

CALCULATE

AXIAL TUBE

WALL TEMP,
PROFILES

| &

FLOW CHART -~ SUBROUTINE MPPXP (1010)

Y

s

XP(1) =012
DELMPP = 0.

NO
YES
DELMPP « O



v NO Y

[DELMPP
ALXF (1))
>0

{DF LMPP
-ALXP(1)] = O

CALCULATE
LOCAL HEAT

v AND MOMENTUM ;_’.1

TRANSFER
PARAMETERS

CALCULATE

LOCAL NODE

B PAESSURE
" DROP \ 4

!

CALCULATE
NODE BOUNDARY |t
PRESSURE 12

CALCULATE

‘ NODE BOUNDARY
: TEMPERATURE

v
‘7 CALCULATE
NODE BOUNDARY [ mmemmmnnesd
PRESSURE 101

PXPlIr. PHBO

Y CALCULATE
NODE BOUNDARY ;—’—1
TEMPERATURE

CALCULATE
HEAT & MOMENTUM V

bommansefl  TRANSFER

12 PARAML TE RS

RETURN
‘ 1010 = 1 R

1010 = 2 —A——J-

YES

st KOUNT< 100 <

L WRITE

ERINOR

T 1010« 3

Flmure



FLOW CHART — SUBROUTINE SFHXX

N

BODEPE SEHXX
cALL
YES
NO
SET INLET
BOUNDARY “SET
CONDITION INLEY
FOR IGEQM = BOUNDARY
10802 CONDITIONS
CALCULATE
LOCAL HEAT
& MOM, TRANSFER
PARAMETERS
XBAR XWET
X
CALCULATE CALCULATE
LOCAL HEAT LOGAL HEAT
& MOM, TRANSFER & MOM. TRANSFER
PARAMETERS PARAMETERS
A4
CALCULATE
LOCAL HEAT
& MOM. TRANSFER
PARAMETERS
&
JTABLE - 0
4
CALCULATE \
TUBE WALL
AXIAL TEMP,
PROFILES
P C———

1-XIN} = O

A4

CALCULATE
LOCAL HEAT

& MOM, TRANSFER
PARAMETERS

.

CALCULATE
LOCAL HEAT

RETURN YO
BODEPE

&

3

MOM, T
PARAMETERS

Figure 7
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FLOW CHART — SUBROUTINE SFHX8H

BODEPE
CALL

SFHXSH

AETURN TO
BODEPE

A4

CALCULATE
LOCAL HEAT
& MOM, TRANSFER
PARAMETERS

JTABLE =0

CALCULATE
TUBE WALL
AXIAL TEMP.

PROFILES

DELTOT =0

DELTOT-LTOT
- <0

CALCULATE
ESHL &
DPESH

b

CALCULATE =

ESHL = 0
OPESH=0

PEXIT

TEST=
PEXIT-PHBO

MESSAGE

Figure 8
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] —— e ~  FLOWCHART - 5UBROUTINE OUTPUT

CALL ouTPUT

B RETURN TO WRITE
i . BODEPE INPUT

H . Figura O
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TABLE I
INPUT DATA NOMENCLATURE FOR BODEFPE CODE

Title Card: FORMA I, 19AL, AL
Col. 1 - 3: 001
Col. 4 - 80: Date and analysis identification comment
Date Cards: FORMAT 13, 9X, 5F12.0,
Card "101": WH - Mercury flow rate, 1b/hr,
PHBO - Mercury exit pressure, psia,
THBI - Mercury inlet temperature, °F,
THBO - Mercury exit temperature, °F,
TNBI - NaK inlet temperature, °F,
Card "102": TNBO - NaK exit temperature, °F
QHL - External heat loss, KW,
D1 - Mercury tube ID, in.,
TTA - Tantalum tube wall thickness, in.,
TNAK - Stagnant NaK thickness, in.,
Card "103": T8S - Stainless steel tube wall thickness, in.,
HNF - NaX side film coefficient, B/hr - 2 - °F,
AKNT - Stagnant NaK containment tube (SS),
thermal conductivity, B/hr - ft - °F,
AKHT - Mercury tube (Ta) thermal conductivity,
B/hr - ft - °F,
Card "104": DPHITR - Preheat section pressure drop, high trial,
psi,
DPLOTR - Preheat section pressure drop, lo& trial,
psi
CONV - Convergence value, psi,
CNT - Iteration count
PTRHT - Mercury inlet pressure, trial, high, psia,
Card "105": PTRLO - Mercury inlet pressure, trial, low,
psia,
PMPP - Pitch, multipassage plug, insert, in.,
DMPP - Multipassage plug insert channel width,
-+ in.,
HMPP - Multipassage plug insert channel

height, in.,
AN1 - Number of mercury tubes,



Card "106":

Card "107":
Card "108":
Card "109":
Card "110":

AN2

X
DEIMPP
FXINT

CONXP

" DBAR

PHELTX
THICK
XWET

FINTX

CONX

DROPNO

X0

XTI

FORMAT I3,
DELTOT
TTABLE
JTABIE
IGEOM

PITCHL

FORMAT I3,
DBARL

THICKL

Cl

Number of flow passages in multipassage
plug insert,

Number of nodal boundaries in preheat
section,

Vapor quality increment,
Multipassage plug insert length, ft.,

Liquid-vapor interface frictional
pressure drop coefficient for divided
two-phase flow in plug insert section,
Constant defining the heat transfer
mode for wetting two-phase flow model
in plug insert section,

Center bar dia of SFHX, in.,
Pitch of SFHX,
Strip thickness of SFHX,

Vapor gquality at wetted boiling termina-
tion point,

Liguid-vapor interface frictional
pressure drop coefficient for divided
two-phase flow in SFHX,

Constant defining the heat transfer mode
for wetting two~phase flow model in SFHX,

Initial droplet population per unit dia.
length,

Initial vapor quality in droplet-rivulet
two-phase flow regime,

Number of nodal boundaries in superheat
section,

9%, F12.0, 3112, F12.0

Total boiler length, ft.,
Table printout control,
Table printout control,

Mercury tube internsl geometry identifi-
cation,

Pitch of single passage mercury inlet
end helix, in.

9X, S5F12.0

Center bar diameter of mercury inlet end
helix, in.,

Helical strip thickness of mercury inlet
end helix, in.,

Constant in MPP or SFHX1 pressure drop
correlation,



c2 - Constant in helical flow passage, SFHX, pressure
drop correlation,

WNTOTT - Total NaK flow rate, lbm/hr
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APPENDIX A

LISTING OF BODEPE CODE



I~

O

5

&

S

(%)
1O

&

5000

88

99
5001
5050

1

GOTLER Dusieh AMD PERFURMANGE ANALYSIS({BULLPE)

CradmON/Z ITerR/ 1T eR
CALL READRE

CalLbl REAQ(JIDIG)

GO TO0(03s4) o JdUiJi
CAlL POWRAL

CaLlL CONSTS

ITER=1

Call MPPPHINULGD)
GO TU(14246)NIGO
Cabtl MPPXPLIOIO)
GO TO(6+51,1),1010
CALL SFHXX

GO TO 1

CALL SFHXSHINOND)
GO TO(51 45 )y NONO
CALL QUTPUT

Gu TU 1

STur

END

SUBROUTINE READ(JOJIN)

RE:AD IN DATA
DIMENSTION ERROR{20)

COMMON/DATA/ WHyPHBO, TH3 T, THRU, TNBT y TNBOy QHL »

D1y TTAs TNAKs TSSoHNFy AKNT 3 AKST 9 AKHT,

DPHITR yDPLOTRyCONV ¢NKT9yPTRHIPTRLU,

PMPP ¢ DMPP s HIP Py ANL s AN2 4 L X,

DXy DELMPP o FXINT s CONXP

DBAR g PHELTIX g THICK s XWET o FINTX 3 CONX 9y DROPNO 3 X049 IXy DELTOUT,

DATE(2) sCOMENT(18) s ITARLEJTASLEZIGEOM,PITCHL  OBARY ,THICK1,C1,C2

COMMON/ INPUT/ PHBOU, THBUO, TNBOU, PTRLOU,PTRHIT WNTOTT, XLy XI,CNT

READ(545000) ICARDZDATE,COMENT

FORMAT(I3,19A4,A1)

IF{ICARD.EQ.0) GU T0 u8

IF{ICARD.EQ.1) GO 10U 100

JoJo=2

RETURN

READ(99+5001) ERRUR

FORMAT(20A4)

WRITE(6,5050) ERROR

FORMAT(LIHO s 10X 34HTHE FOLLOWING CARD IS OUT OF ORDER/1IHO 20X,
2004 )

JUJu=2

RETURN




T~

100
5002
5003

READ{S,5002) ICARD

FURFAT(IZ49X45712.0)
FORMATIISZ3,9X3F12.0,3112,F12,0)

IF(ICARD.NE.101) GO TO 99

READ(9945002) ICARD, WH,yPHBUy THRI 3 THRO, T ]
READ(5,5002) 1CARD

IF(ICARDNEL102) GO TG 99

READ(99,5002) ICAKD, TNBUsQHL DLy TTA, TNAK
READ(545002) 1CARD

IF{ICARD.NEL.103) GO TG 99

READ(9945002) ICARDs TSSyHNFyAKNT g AKST9AKHT
READ(5,45002) ICARD

IF{ICARD.NE.104) GO TU 99

READ(9945002) ICARD,DPHITR,DPLOTR yCONVyCNT4PTRHI
READ(5,5002) ICARD

IF(ICARD.NEL105) GO TU 99

READ(9945002) ICARDsPTRLUsPMPP 4 DMPP,HMPP 4 AN1
READ(5,5002) I1CARD

IF(ICARD.NE.106) GO TO 99

READ(99,5002) ICARD,ANZ ¢XL¢DXoDELMPP yFXINT
READ(545002) ICARD

IF(ICARD.NE.107) GO TO 99

READ(9955002) ICARDyCUNXPyDBARPHELIX, THICK ¢ XWET
READ(5,5002) ICARD a

IF(ICARD.NE.108) GO TO 99

READ(99,5002) ICARDyFINTX,CONXyDROPNOyX0,XI
READ(545003) ICARD .
IF(ICARD.NE.109) GO TUO 99 o I
READ(99,5003) ICARDsDELTOT, ITABLE, JTABLE, IGEOM,PITCHI
READ(5,5002) ICARD ’
IF{ICARD.NE-110) GO TO 99

READ(99,5002) ICARDyDBARLy THICK14C1,4C2yWNTOTT
PHBOO=PHRBO

THBOO=THRO

TNBOO=TNBG

PTRLOO=PTRLO

PTRHII=PTRHI

NKT=CNT

LX=XL

IX=x1

JUJ0=1

RETURN

END

SUBROUTINE CONSTS

MATN PROGRAM INPUT DATA

COMMON/OATA/ WHyPHRO, THRT s THRUy TNB T, TNROy OHL ,
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11

13

1

ALIN1I=3.14159/4,%(D1%%2=-DBARLI*%2)=(THICKI%*(R1-RR1))/CUSHPP
PHLINI=3.14159%{({D1+DBAR1)I+2e%(R1=-RB1)=7 . *THICK1
DELINI=4.%ALINL1/PWLINI

OMEGA1=6.28318/PITCHL

PORT1=6.28318%R1%%2%0MFGAL

PORTB1=6,28318%RB1*%*2%OMEGA]
7T1=6.28318%R1/SQRT(1.0+(R1%OMEGAL)*%x2)=-THICK1
IB1=6.28318%RB1/SORT(1.0+(RBIRUMEGAL)*%2)=THICK1
THETB1=6.28318/(1.0+(RBRI%OMEGAL )*%2)
THETT1=6.28318/(1.0+{R1*0OMEGAL)*%2)

Y1=SORT(RI**2+4RBL*%2-2,0%R1%*RBL*COS((THETRI-THETT1)/2.0))

PW1=ZT1+ZB1+2,0%Y1 ' -

ACMPP=PITCH1%%2/6.28318%(SQRT{1.0+(0OMEGAL*R])*%2)~
SORT(1.0+(OMEGAL*RB1)*%2))~-THICK1*(R1-RB1)

DEMPP=4,%ACMPP/PW1

ARATIO=ACHMPP/ALINIL

DRATIO=DEMPP/DELIN1

PMPP=PITCH1

HMPP=R1-RB1

- HHMPP=0.0

GMPP=144,%*WH/ (3600, *ACMPP*ANL)

GLNMPP=144.%WH/ (3600 %ALIN1%*ANL)

DMPP=3.14159%D1/SQRT(1+(3.14159%D1/PMPP)*%2)-THICK]
GO 70 13

PH SECTION GEOMETRY WITH WITH IGEOM=3.

GMPP=GHELIX
DEMPP=DEH
COSMPP=COSBAR
ACMPP=AH
PMPP=PHELIX
HMPP=R1-RB

HHMPP=0.0

U DN

DMPP=3,14159%D1/SQRT{1.+(3.14159%D1/PMPP)®%2)~-THICK
GXPTOT=0,.0

RETURN

END

SUBROUTINE POWBAL

MAIN PROGRAM INPUT DATA

COMMON/DATA/ WHsPHBOs THBI s THBUs TNBI ¢ TNBOs QHL
D1sTTA; TNAK s TSSyHNF 9 AKNT s AKST 3 AKHT 5
DPHITR:DPLOTRGCONVNKTsPTRHIPTRLO,
PMPPyD(\”xPP7Hi”7PP7AN17A|\!27LX 3

DX DELFPP s FXINTCUONXP,

DBAR PHELIX s THICK s XWET s FINTX s CONX ¢ DRUPND,XO 3 IX,DELTOT,
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PHeRGA L Stallb amo MG PROPERTIES
D 100 I=224591

ISTeR=4000+1

KXP(I)=1

THAX=]

J=1-1

XPLT)=XP{J)+DX
XBAR=XP(I)-DX/2.0
TXPLJ)=THGPAPXP{J ) ISTEP,IER)
TXPR=TXP{J)
ROXPF=RHGLT(TXPBs ISTEP,; TER)
ROXPV=RHGGT{TXPBs ISTEPs 1ER)
AMUXPF=VHCGLT{TXPB,ISTEP, IER)
AMUXPY=VHGGT{TXPB,ISTEPIER)
AKXPF=CHGLT{TXPBs ISTEPs 1ER)
AKXPV=CHGGT(TXPBsISTEPs IER)
HFEXPV=HHGET({TXPB, ISTEP, IER)
QxXp =DXRWH*HFXPV

QXPTOT =QXPTOT +QXP
DHNXP=0QXP JVWNNET
HNXP=HNXP+DHNXP
TNXPLI)=TNAH{HNXP ISTEP, IER)
HNXFB=HNXP-DHNXP/2.0
TNXPB=TNAH(HNXPB;ISTEP,: I£R)
DTXPB{J)=TNXPB-TXPR

VISCOUS-TURBULENT TWO PHASE FLOW. LIQUID FILM AT WALL.

TWO PHASE PRESSURE  DRUP CORRELATION
XXX{JY=XBAR/ {1=XBAR)#*ROUXPF/RUXPVHAMUXPV/AMUXPF
YYY(J)=RIFAMUXPV/ (12 % XBARMWH ) *ANT*AN2
I1F{IGEDMeNE.L) GO TO 97

RPHI=1.

RPLO=0.9

TNIXF=FXINT

CALL ROOT(RPROOTsRPLOsRPHI 00014204 ISTEP,ROMPP(J}y IERR)
RIXP(J)=ROMPP (J)*R1

LIOUID FILM THICKNESS

FILMXP{J}=R1-R1XP(J)

GXPMPP=XBAR*GMPP

REXPGP(J)=300%GXPMPP*DEMPP/AMUXPY

FXPGP(J)=e316/ (REXPGP(J)x%,25)
DPDXGS=FXPGP{I)%CXPMPPx%2 / (DEMPP*CUOSMPP®24,%32 . 2%ROXPV)
SS=ABETARRIXP(U) +2 % (RIXPLJ)=RROZ2)+.5%3, 141 59%BETARRRUZ ) /
D (BETARRTI+2e % (RI-RRO2 )1 .9%3, 14159%RETASXRRAO2)



Sl =

SSES=({ {132 -RANZ%%2 ) ¥BETAY0.5+3. 14159/8 * (BETAXRRUZ) *%2)/
1 ({RIXP (I HR%2=RRO2%% 2)%BETAR0.5+314159/8 % (BETARRRUZ ) #%2) ) %#%3
PHIXPLI)=FAINT/FXPGP{J)=SS%SSS
GO TG 96
97 GXPWMPP=XBAR*GHMPP
REXPGP{J)=300.%CXPMPP*DEMPP/AMUXPY
FLINXP{J) =316/ (REXPGP(J) %%, 20 )%ARATIO %1, 7T5%DRATIUR®1.25)
1 =COSMPP=C] o '
FTANAP{I)I={.0584%(3.,14159%D1/PITCHL )} x%3%{D1~-THICK1)/(U1+DBAR1)
1 *ARATIO®%2%DRATIO)I*COSHMPP*C1 o
FXPGP{J)= FLINXP{J)+FTANXP(J)
DPDXGS=FXPGP{J)%RGXPMPP*%2 /{ DEMPPRCOSMPP%24 %32 . 2%ROXPV)
RPHI=1.0
RPLO=0.375
TRHIXF=FXINT
CALL ROUT(XPROOTSRPLUOSRPHIZ0.001,420,ISTEP,ROMPP(J) 4 1ERR)
RIXP{J)=ROMPP{J)=R1
CZ={R1/RLIXPLJ) ) #k5
LZ2={RIXP{J)*%2=-R1*¥%2)*R1IXP(J)*x*2
271==0e5%(R1%%4=R1IXP(J) %4 )+RIK(R1%%2-R1IXP(J)%%2)
PHIXP(J)=FXINT/FXPGP(J)*Z% (1. 0+ROXPV/ROXPF*ZZ/LLI%{1.0-XBAR)/
1 OXBAR ) ko , s . ST EELELEET Y pid
FILMXP{J)I=R1I=-R1IXP(J)
C HEAT TRANSFER
96 ANUXP (J)=CONXPxD1/FILMXP{J)
HXPLJ)=ANUXP(J) %12, 0% AKXPF/D1
UXP{J)=1.0/(RR+1.0/HXP(J))
QFXP(J)=UXP (J)*DTXPB(J)
DOLXP=12.0/{628318%R1%ANL)*QXP /QEXP(J)
DYXPF(J)=QFXP(J)/HXP(J)
ALXP(I)=ALXP (J)+DDLXP
IF(JTABLE.EQ.0) GO TO 95
TaxP (J)=TNXPB=AAAAXQXP/DDLXP
T3XPLJ)=T4XP{J)-BBBR*QXP/DDLXP
T2XP(J)=T3XP(J)-CCCC*QXP/DDLXP
TIXP(J)=T2XP(J)-DDDD*QOXP/DDOLXP
DTTAXPLS)=T2XP(I)-TLXP(J)
DTSTXP(J)=T3XP(J)-T2XP(J)
DTSSXP(J)=T4XP(J)-T3XP{(J)
DTTOXP(J)=T4XP{J)-T1XPL D))
95 JTF(XP(I):eENe0e12 ANDDELMPP.EQ.0,0) GO TO 11
IF(DELMPP.EQ.0.0) GO TO 101
TF{DELMPP~-ALXP(I}) 99,114101
99 S=DELMPP-ALXP(J)
ALXP LI =ALXP{J)+S
XKP{D)=XP (J)+DX*RS/DDLXP
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CTIXINN)=T2X(NN)Y=-DDDD*QX/DDLX

227
226

DTTAXINN)=TZ2X{(NN)=-TLX{NN)
DTSTXINN)Y=T3X{NN)-T2X{NN)
DTSSX{NN)=T4X{NNI-T3IX{NN)}
DTTOX{NN)=T4X{NN)}=TLX{NN)
IF{1.00-X{N)) 2265225,222
DDX=1.00-X{NN)
X{N)=X{NN}+DDX
AXTOT=0XTOT=UX

OX =DDXHHFXVaRWH

QXTOT =QXTOT +0X



CLIGIXAM L TOIXOEE(TG) dOXS (TGINVIXOI* (TGINTITO44(TG)dXLA ¢
ELTGIXLS (TG XA TG I (TG IXNHE(TIGIXNLE(TSIXd (TG IXTVT
C(GLIHAOLLO* (GLIHASSLO (GLIHALS LA (SLIHAVLILA €
SUGLIHATLA(GLIHAZL “{SLIHAEL *(GLIHdY L {GL ) T4 4(SL)dHJLA 4 (GLIHdH0 ¢
o A(GLIYHAN  (SLIHAH (G LYHAONY ¢ (GLIHdIAd* (SLIHdIY (GL)HdYd 1
C{GL)BHALO  (GLIN (G LIHDIVE(GLIHANL * {GLIHAHL ¢ (S LYHAd /SS/NOWWOD
*NOT1123S Lv3IHY3dNs

{ONONJHSXH4S INILNOY¥ENS

an3

NYNL3Y

(XVWN)XSS1d

O=(XVHN)IXTL
O=(XVWN}XZ1
0=(XVWN)XEL
0°0=(XVHUN}IX¥L
B e ; ‘ 0°0=(XVWN)X3Y
- . *O=(XVWN)XWIIH

°0=

*Q0=

°0=
cO0=(XVWN)XVLLA
OO

o*

o-

o.o:hX@Ezwkom.

0= (XVWN)INVLX9H
0°0=(XYWNINITOS
0°0=(XVHN) d9X
0= (XVWN)OILVY
0°0={XVWN)AA
0°0=(XYWNIXX
*0= (X VWN )} XNNV
*0=(XYWN)4X1LQ
_0°0=(XVHN) XH
0=(XVYWN)EXLA
0°0=(XVAN)XN
k ‘ e 0°0=(XVWN) X0
(INV£LOLXTV=T0%6GTHT°€) /L01X0%*2T=9X40
(XVWNIXd=(T)Xd=10LXdA
(T)XTV=(XVWN)XTY=10LXTV
~ ANNIINGD
G2z 0L 09
X100+ (NN X V= (NI XTIV
(Y3T4dILSTE (NIXNHIHYNL= (N)XNL
XNHO+ (NN ) XNH= (N) XNH
LINNM/ XO=XNHQ
(YT 4dILST(NIXD)dOHL=(NIX L
Xdaa- (NN} Xd=(N)Xd
X0/¥00:xXd00=Xdaq
XG/XAG=X 10=X104d

(XYWN)IXLSLA

Q29

(XVWN)X0LLA

Gee

ees

J.

A=/



C LANNM/HSO=L1HSNHA

HMxHSOHHO=HSO
({TIHS1-09H1)} %620° =HSOHHQJ
0°0=HSda
(XVWNIXL=(TIHSL
(XVHN}Xd=(T)HSd "
(XVWNIXNL=(TIHSNL
(XYWNIXTv=(TIHSTV
T=(T)HSY
SNOILIOGNOD 3ONVYLIN3
(9Y=-TY+XT1IHd) / (dY-TY) XTI 1IHd%* 2=NVL30
QHS94ZNOI9 ¢ INOD/HSHS/NOWWOD
e : ~100Y¥HS TVNY3LX3
HY S ddWHH 2O ¢ LHOY  LSOUCENDU 4 INTY “MYO ¢ LOLNM €
101D 1LIXIdL0LdA LONDIVEHSIdA 4 IHST 2
SHSO“GHSO LHSO “LHS IV LOLXD*9X40 4 L0LXdA* LOLX 1Y 1
. t10DLdXD48dX4D LdXdA 4 LdX10¢ LHAO*GHd40*HddA4HdTA /1N0YA/NOWWOD
auhu\wamxzozzsu
e e e e R JINLX NN (16)9X10

2Dt I0C IDIHL C THVEA S THOL I WOIOT 4318VIr 4379V LI ¢ (8T ) INIWOD 4 (2)aLva

 S(GHIHSEL* (GHIHSHLA(GH IHS TV (G IHSTdé (G% JHSA  (G% ) HSAS ¢ (G INTHSAS

(SH)UOSNNY S (S INTTHE (GHINTINNY (G JHSWLO S (GHIHSLE (GH)IHSNLE (G HSM

CLTGIAASTTGI XX IXINL AT * (TGIAAA L L TG ) XXX \>X\ZOZSOU

dY /dd/NOWWOD
XUWN /XYWN/NOWKWOD
NIHH*OILVYQ* xwzmwmeMPo.wabho,aahohwzro NYNHA*OILVYY ¢

4y0ILYY4aaaat 2200499984 vVVVYNLTIgd XTI TIHD $UVES0D4HIA¢a0T LYY 1
SNINIFACNLITO ddWSOI  ddWNV L ddWIA* ddWO TY G LANNM 73NTVA/NOWWOD

10LT130 XTI 0X ONdOYA  XNOD  XANT 4 LAMXOIDIHLEX T 1dHd * ¥V dd
dXNOD*INIXd ¢ ddWTI304Xa

EXT4ZNVEINV  ddWH  ddiHa * ddiWd

OTYLdETHYLD CIMNCANOD* Y10 140 * YL THAA

S LHAVELSAVE LNV ANHESSLANYNLVLLETQ

CTHOC0ENLCTANL C09HL * TEHL *09Hd “HM /VLVQ/NOWWOD
(GHIHSOLIQt (GH)IHSSSLA*(GHIHSLSLA  (GHIHSVLLIA  (GYIHSTL  (SYIHSZL

\—-H\Jm\‘i‘mo:

L(GH)IHSH0 (% IHSAN  (GHIHSN® (GH IHSHE (GH 1 JHS 1A (G ) ITYIHE (G5 ) HO4H

C{SYINVIASE (GH ) HSTY
$(1G6)dX0LLA* (15} dXSSLa

A (TG)dXLSLA* (TG)dXVLLA® (TG)dXTL (TG)dX2L (TSI IXELS (TG dXHL G
“(1G)dXTIHA* (TG ) ddHOYY

SLTG)AXNE (TG dX (TG)4dXLA“ (TG dXID (TSI dXN (TSI dXH €
SLTS)AXNNY S (TSI dXWTId 4 (15)ddXA(TG)dOdXTYE(TS) dXTYE (1) dX0U 2
(19)dXNVLS® (TS)IXNITS2 (1G) 8dXLAE (TGIdXL(TG)dXNLA(TS)dXd (TG)dXTIV T

m~Q~cvﬂ1¢@n

S{TGIX0LLAC (TG )IXSSLOC(TGIXLSLA(TIGIXVILIQ (TISIXTL*{TIGIX2ZL &
ELTGIXEL (TG IXYLA(TGIWYIVE (TG INDOUA* (TSI YVIIAL (TGIALN (TG X40Y
SLTSIXNE TG IXHALTGIXANV A (TSIXWTITA4(TG)0T LYY (TS)IXTYE

9

A=20



tgeet

b
b

x(0T1vH

,.\ Aty
J' \_»

(Y314 (T11)4HSLA*d3LST

/eeee”

e
b2e

she

3K

FOTLVYRASZ e (T1IHS AU /9T =(TIINTHSAS

(TTIHSHO/HSOO0=(INY=TUx6STH T}/ 1=HSTGd

(TTIHSWLA%(TTIIHSN=(IT1IHSH0
{((ITIHSH/0°T+HY) /0 T=(11)HSN
(T1)3384H+ (T 1) H04H=( I TIHSH

EECLE “xx (11)dHSLOxIAd4=(TT)IIYIH

¢€02¢T00°0*THHSLOCOTIHS LA LOOYHS) LO0Y 11vD

10°0=01THS LA

“0049=1HHS LA

(MHAFYA) /(0 T+ I1)HO4H%EE ) =ZNODD

A3 ¥dxdd=1N0OD9

(ITIHSWLA=9HS9
NOGOge%AZHJmD\Z<HmQV

#1999 *xx (XITIHA/TA%6GTHT%E ) % PakHSHdRe T * %k NTHSIY)
#{((°09H7+dHSL) /0T ) %" NeAHHVZHJDZ<*Z<er\Iwz<e¢Nﬂuwwmm

& ot

33K

gorLvy

,.\
\_t

HAA/ (I T )H04NNY=HSHY %0 2T=( 11 ) Y0dH
(TTINIINNYR0OVENNY=(T1)HO4NNY
S (Cen A XITAHA/TOx6GTH T ) +0° T)=0VINNY

14
1

NIA3A/(TIINIINNVAHSHY 2 Z2T=(TT)INITH

OsexHS %8 *0xxNTHSIYXE20°0=( TTINIINNY
HS MY /HSNWY=HS dD=HS ¥ d
HSNWV/HI0%X 1 13H9%*00€=(11)HSIY
HSNWY /NT130%NT 19%° 00€ =NTHS I ¥
(0°09%+8HSL) /{TI)HSdxL "8 T=HSO¥
(HIT4dILST4AHS L) LOOHI=HSNHY
(Y4314dILST*HS L) L99HADI=HSdD
(¥IT4dILS T THS L) LODHA=HSNWY
gHS L-gHSNL=(IT)HSWLQ
0°2/HSLAG+(TTIHSL=9HS |
(Y314d3LST *GHSNH)IHUNL=GHSNL
NHOO%S * 0+ THSNH=GHSNH

HSLQG+( TTIHSL=(I}HSL

(YT 4dILST*ZHSNHIHYNL= ( TIHSNL
NHAG+ THSNH=ZHSNH
(¥IT4dILST*(TTIHSNL) LYNH=THSNH
I=(I)HSY

T-1=11

1+0009=d31S1

GNEHN=1 0021 0a

SNOTIVINDTIVY TYAON

(HMxGZ0*) /HSBA=HS 1Laq

LINNM/HSOO=NHAO -

WONQ/ LHSNHOx: LINNM=HSOQA
1-SN=WONG

XI=GN

Z=4HN

A=2]



e X INAHD = (HSO Y

CHueX1T1IHO=(HSOUxZ ¢

2 (AVEA+TO) /7 (ADTHL-TA) %€

¥ T CaHAQEYESO2 ) /IS 3 (T=X1)

(LYOHS 00L SI LOLT30QH6T X024 0HT)ILVKWYOL 2222

Ex®

ke Aty

(XIIHSIV=-101L7130=1HS3 9121

HSAd=HS3dd

GL21 0L 09

(222249)31 1M #)21
9L214GL2T%%L2T ((XI)HSIV-101130)41

G221 0L 09 (0°0°D3°

0°0=
0°0=

(XTIHSOLLA
(XTYHSSS1Q

0°0=(XI)HSLS LA

0°0=
O'
O.
0°
0°0
0°0=
oe
0
0°*0=
0°
0°0=
D

(XIIHSVLLQ
O=(XI)HSTL
O=(XT)HSZL
0=(XI)HSEL
0={(X1)HSHL
={XTINVLAA
(XTINTHSAA
0={(XT)HSA4

LOL13ay41

0=(X1)Y40dH _

(XT)Y04NNY
O0={(XIT)INITH
(XTINITINNY
O=(XI)HS3Y
0=(XI)4HS LA

0°0=(XI)HSH

0°*0

o&
*0=(XI)}HS 40

0

(ITIHSTL-(TII)HSH1=
(TIYHSCL-(TTI)HSY L=
(TTIHSZL-(I1)HSelL=
(ITJHSTLI-(I1)HSZL=
HS100/HSBA%AAAa~( 11 1HSZ

=(XIIHSWLO
0=(X1)HSN

ANNTINGD
(IT)HSOLLA
{113HSSSLA
(TIystisia
(I1YHSVLILQ
I=(ITI}HSTL

HS13AQ/HSOA*%DD3D-(TTIHSEL=(TT}HSZL

HSI0AQ/HSOAx8998~-( 11 )HSY
HS1QA/HSO0=VIVV-4gHSN
00<¢1 0L 09 (0°0G32°
HSTAA+(I1}HS

L=(II1)HSEL
1=(TIIHSHL
379vLP) 41
TW=(1IHS 1Y

HSdQG+HSd0=HS da

HSdad-(11)

HSd={T11HSd

Imosx<mmauw\1wgmotﬁmmvzw>¢sz&cQ

(TTINVEAS+H(TTINTHSAL
¢0xdv49S00x(C0T LY
(XT1IHd/Ta%6GTH 1 *€ ) x%850°

C AUV H

={T{}HSAS
VOV 1
iAMMW

0021



CLTGIXN LTSI XHE (TSIXNNY ¢ (TSIXNITI44(T6)0TLVY (TG)XTYE
CLTGIXAYE(TG)IXOYE (TS )dIXAC (TSINVEIXDI (TGINTIOS(TG)IX1IQ 2
CLTGIXL (LTGIXH  (TGIX (TSIXNH (TS)XNLé(TG)Xd® (TG) XV
“(GL)IHADLLA*(SGLIHASSLO (SLIHALISLO (GL)HAVLLA €

SUSLIHATLY (GLIHAZL  (SLIHAEL (SLIHA L4 (G2 ) 144 (SL)dHA LA (S L) Hd4D 2
SASLIHANC (SLIHAH  (GLIHANNY * (G2 )HATFd (G I HAIY (GL ) Hddd T
SUSL)GHALAC (SLIM  (SLIHATVE (SL)HANL® (SLIYHAHL (SL)YHdd/SS/NOWNDD
IN3IWILVLS NOISNIWIA WY¥O0¥d NIV
1N4LN0 INTLNOYINS

an3

NYNL3Y

Z=0NON

X3AVSL-(XIIHSL=XIHSL1Q

(Y31 ¢d3LST4LIXId)dIHL=XTVSL
(XTYHSL=(XI)HSNL=WYIL LA
SETHE/NYNHOx LOLNM=MMD

HM/ LOLO=9HHG

LINNM/ LOLD=NYNHA

~ HSO+LOLXD+10LdX0+LHdO=L0L0.
*2T# (INVHLHS TV TQ%6G THT°€ ) /HSO=8HS O
1IX3d-(1)Hdd=1014da

LIX3d=09Hd

(XI)HSL=08H1

(#°0Td4=LIX3dH9 T
//03HIVIY N3G SYH SNOTLVHILI 40 WAWIXVWHBE*X0TOHT) LVWYOd
1IX3d (%594 49)311uM

NdniL3y

~ 1=0NON

W119d=TH¥Ld

NYNLTY

1=0NON

¥119d=0TYLd

€942 (TLS3LVAI

# 01 09 (TANO2*371°(11S31)Sav)dI

0°2=TANO?

09Hd=11X3d=T1S31L

T+9311=¥4311

ot 0L 09 (LMN°39°¥ILI)SI

THS 3+ (XTI IHSTIV=19NOTV

HS3dQ-(XIIHSd=L1X3d

(XIIHSd=(TIHSd=1HSdA

(TIHSIV=(XI}HSIV=LHS TV

(TIHSL=(XIIHSL=1HSLQ

0°0=HS3dQ

0°0=1HS 3

Llz1 0L 09

Vi

Y

Wy

A-23



LOLXOEXTNTHOC (TIXLE(TIXNL gX404L0LXdA  (T)Xd*LOLXTIV (#00T49)3LTuM
(X¥WI}dX 1
hwohaxg*aazo;AﬂVaXP»AHVQXZH.maquFHaxmm.Aavaxa 1dX70 (€06T49)31LT1HM
000L 04 09 (£°03°W0391)41

ITHAO S ddWO LT IHAHL (T HdANL 4 GHdJO* HAdQ ¢ (TIHdd *Hd1Q (200149131 T1YM
(TOOT*9)3L1YM

IN3WO2431V0¢39Vdl (000T49)3LTuM

1=39vdl

S1INS4Y 40 LNOLNI¥d

INDOIXEIXCLLOINMETTHYLd00THLd*0O0UNL ‘008HL ¢008Hd /LNdINI/NOWWOD
e XVWN /XVAN/NOWWOD
. XYW /XVWI/NOWWOD
HY ddWHH*2Q* LHOY LSOYS INDY 4 4NDY MMO ¢ LOLNM €
$10LD4LIX3dL0LdA LONDTY *HSIdO *IHS3 2
CHSD*HHSD  LHSAQ LHSTIVAL0LXD4aX40410LXda*L0LXTY 1
£101dXD48dXd041LdXda*LdX10 4 LHAO *GHd40 *HddU *Hd 10 /LNOVA/NOWWAD
e . JINLXENNG(TG)EXLa 1
FLTGIAACCTSIXX IXINLOP S (TG)AAAS LTS IXXX /AX/NOWWOID
Y /4 /NOWWOD
ddWIV/IV/NOWWOID
NIHHSOTLVYQ XINHEXAHS LA WYI L1004 dd LA *OHHA *HIYNHA* 0T LYYV ¢
$V011VY¥40Qaaad 20970499499 VVVV edLIad  XI13HY #¥yaS004HIAA*ADTILVY 1
ENTI3AANIT94ddWS0D* aazz<h.aaim@;&azoﬁﬂm.mx.hwvzz /3NTYA/NOWWOD
ZOCTOCTINDIHL S TUVEQ THOLIJ*WO39T ¢316VIr4378VLII 4 (8T) INIWODI* (2)3LVa
S10LT1304XT40X*ONdOYA S XNOD A XINT S LAMX SHMITHL XTI 13Hd 4 v Ea
SdXNODCINIXLA ¢ ddWT304Xa
EXT4EZNV TNV ddHHE ddW(A 4 ddiWd
‘OTYLA THYLd * IMNCANDD “HL0Td0 “¥ L THAA
SLHNVELSHUV NNV ANHESSLENUNL YLL4TQ
STHOCOANLTANL “08HL*TIHL “09Hd *HM /VLVA/NORKWOD
VivVa 1NdNI WVH90dd NIVW
Am¢vathD;Am¢vameD.Am¢vahmha.~m¢.Imdbhounm¢vaMh (GHIHSZL
S(GHIHSELE (GHIHSHLE(GHIHSTIVE(GHIHSTA (GHIHSA  (SYIHSAS ¢ (SYINTHSAS
{GHIHSHD(GY IHSAN S LGH IHSN LG I HSHE(GH ) JHS LA (G5 ) FFUIH (GY ) YOIH ¢
Am¢vxomjz<,~m¢vzHJI»Am¢vZHJDZ<.*m¢«Im£»Q.Am¢w1wh.nm¢v1m2k»ﬁm¢v1mx\
S{GHINVLIAL (S%IHSIY
£(15)1dX0L1LA4 (19} dXSS1d
CLTG)dXISIA4(TG)dXVLLA (TG )dXTL (TIG)dXZLE(TG)AXEL (TG)dXPL
C(1G6)dXTHd* {1G)dduHOdYy
ELTG) XU (TG )X (TG AdXLAC(TG)dXH0(TS)dXN*(TG)dXH €
S (TIG)AXNNY A (TG ) dXWITH4 (T1G)dOdXA4 (161 dIdXTY(TG)dXTYE(T1G) dXOH“E
(TG)AXNVLEA 4 (TG )dXNINA (TG EdXLA (TG dXL (TSIIXNLALTGYdXd (TS XY 1
E(TGIXOLLA*(TG)IXSSLA (TGIXLSLA  (TGIXVLIAS(TSIXTLELTIGIXZL G
CCIGIXELATGIXY LS (TGIWYVIVE(TGINADYA L (TG IUVHIA (TGIALNT (TSI XH0Y

mxc.-u\um\-rm

ﬁcw«\d”m~o

A 24



ST~
[aNe!

C
C

WRITE(6,1008)
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WRITE(6,1008)

WRITE(651009)
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WRITE(6,1011)

- WRITE(6,1012)

WRITE{(65,1013)

WRITE(6,1014)

WRITE(6,1015)
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WRITE(651024)
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WRITE(65,1026)
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ESHL sy PSHULX) s DPESH, TNSHTX) 5 TSHITX) yGHELTX
ALONGT, PEXIT,DPTOT, TNSH(IX) 3 TSH(IX),QTOT

WNTOT s WNNET s WH y DHNAK 9 DHHG 3 QKW 3 QHL y DTPP 4 DTTERM, DTSHEX

RCNF,D1
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THICK ¢ AH
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IF(ITABLE-EQ.0) GO TO 9000

IPAGE=IPAGE+1

WRITE(651000)

WRITE(6,1027)

CALL SETUP(15,
"U. 'y 'DTNHG . !
CALL TABLE(LX,

CALL SETUP(9,?

CALL TABLE(LX,

1 DTTOPH)

8000 IF(IGEOMeEQ.3)

IPAGE=IPAGE+1
WRITE(6,1000)
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CALL SETUP{18,
PU g "DINHG !
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IF(JTABLE.EQ.O) GO TO 8000
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1 'DTSTAG."3'DTSS. "y *DTTOTAL.')

ALPHy T4PHy T3PH,; T2PH, TIPH s DTTAPHs DTSTPH DTSSPH,

GO TO 8001
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s THe Vo TOTHFILMa P g P NU Y g P XXX 5 P YYY o P YPHI .V, VZETAL. T



, LH®V ¢ XMUNL [4
CTONLELSMYAVLLCO0GHL LMY TAS TEHL *ANHTHO *008Hd ¢ SSL400EN L ¢ HM 1
(220T49)3LIMM
{(T€0T49}131L14dM
INFWOD4ILIVA*3IVdT (000T*9)3LT1YUM
T+39vdI=39vdl 0006
(HSOLL1OT
CHSSSLO*HSLSIOCHSVLILA*HSTL HSZL *HSEL *HSH L HSIVEXT)319vL 117v)D
(v °IVI0L10e#4°SSLA1 ¢ °2V1SLAs T
CacVLLOe T "2t u gl e o H L f s HLIONTTHS 1 46)dNL3S 11V)D
0006 0L 09 (0°03°378VLM)dI

(NVLIASANTHSALE HSAS S HOdH CHOANNYENT THENT INNY C HS YT

CHHS L ImI»IAE%D;ImD»ImmG@ImJ< HSd*HSLEHSNL*HSM*XI)3T9vL 11vD
{ e °NVLIAD 14 °NTIHSAS 1 * e *HSASd e 44 °Y0dHy 2

h.o&Q&DZd.m.oZHz_I.»..ZHJDZ/N..».-Immm.u.-z,:m,_.o.¢..I.w.o®IZPO...oD. 1

FetXNTHO  aTHIONT T S atd s e COHL e Y OHMYNL s 4 TAUVANNDE: *8T)dNL3S 1TVD
(0€0T¢9)IFLTYM
INIFW0D43LVA“39vdI (000149)3L1HM
1+39vdI=39VdI 2008
.
2
AIXOLLO*XSSLO*XLSLO*XVILASXTLAXZLEXELEXHLAXAVEXVWNYITTIEYLE TIVD MM
(¢°IVL0LLA 42 °SSLA 44 °9VISIAT i
VLLGs ‘v Tha®e2Llet e Cled s %l * 1 HLIONT X 46)dNLIAS T1IVD X
2008 0L 09 (0°03°479vir)dl

(XIUEXWTIHEXOUENYIXDIENTTO44dOXd40I LYY 1
EAASXXEXNNY S IXLAEXHSGXLOSXNAXADEXTIVEXD S XLSUNLEXSXTRNIZEYL 119D
(s°dVA e ¢ °WTTd OITe 408t *NVLVLIIZ 44 °NITVI3Z: 2
CYLAZ e st IHA s f P AAL e TXX e NNt WTIT AL *H s POHNLIO SN T
ELtXNT40 e e "HIONT T e ¢ e ®d e ¢ *OHL e ¢ s ®VHL e * ¢ *LAMN 402 1dNLIS TTVD
(620149331 1%M
INFWOI4ILVAEIOVdI (000T149)FLI UM
T1+39vdI1=39¢Ydl 1008
3
D

{(dx01ig 1
$AXSSIO*dXISLO4dXVLLIO dXTL dX2LAdXELSdXHPLAAX TV EXYHTIITTTEYL 11VD
{(+°IVI0L LA 45 °SSLee%:°9VISIA: 1

btV LI0e s TLa® 2L et Sl iy L *HIONT X 46)1dNLIS T11VD

1008 0D 09 (0°03°37eviridl

(d9dXTHEdXWTIA 4 dAdWOH 4 dOdX S dXTHA S ARA XXX e dXNNY T
PN LA AXHEGAX LA AXN dX IO dX NIV dX D dX L XN S dX EXTWTIIZTIEVLE 1TVD
(oI ¢ e *WTd OT s °0MHe ¢



ST MYNHBEXGNLE/4°930-140S=dHHLT X249°64¢= JNIOUHGOHT ) Lvw¥0d 101
(AVLIW0O3D 399SSvd 9H ANV T

SATLIAILONANDD IVIMILVACSIONYLSISTY SSVA TVHYIHLHZLAXOT OHT) LVWY0d €101

(0°644T°TT14%T°0T4¢0°TT440°014¢0°6440°64¢0°6440°0T14°0°84°0HT)ILVWIOS 101

(4°93AHG XG4 4°9FAHG * XG44 °OFAHG ¢ XS ¢ MAHZ E X6 ¢ MMUHZ $ XSG ¢d1/NLEHS 1
XSG EAT/NLAHG ¢ XH EdH/GTHG X7 CdH/ G THG ¢ XG CUH/dTHG # X2 HTILvWH0d 1101

{ LYAHY3dNSHE é

$XZ 410 9H=MUN LA INIOdHB8T*XZ* TUNYILXIHG *XG *YIMOdHS 1
EXGEOHHZ A XGENUNHE S X MO TIHL S X9 4 LIANHE X9 TV LOLHG* X2 HT)ILVWYO4 0101

(YOdVAHS 4

; EXEETYNTHEILHE XK CHONTAHG * X2 4SSOT LYIHHOXE S TVWUIHIHL 1
EXHETIONVHD AdTVHLNIHGT X% ¢ AUNDYIWHL X9 ¢MOTd NUNHBEX9COHT)LYWYOd 600T
(SYILIWVHEYd LIXT = xHAT*X9T* HY)LVYWI04 8001

(0°124%0°Ld=HT X2 1

SO A HHTEXETAT 64T LA xHTXE4T2T4¢% Y3109 VLIOLHYT® HT)LVWYHOd4 L00T
(T°0T4°0°0T40°T244T 64T °TT44T TTI44NOTLI3S HSSIOXIHET® HI)LVWHOd 9001

) (0*1TT441°0T14 1
001240 °TT44T°64T°TT44T°2T44NOTLD3S HSXHASHY T HT) LyWdO4 G001
(00°TH»*X2*0°1T4*T°014 1
0°0T420°TTA4T°6d4T TT44T°2T44N0TLD3S XXHASHYT® HT) L¥YIWY0O4 %001
. ‘ (2°G4*XT40°TT4¢T°0T 1
CO°0TH4240°TT44T 64T TT44T°CT44NOTLD3S  dXddWHYT® HT)LVWHO4 €001
( 0°0H®*XZ*0°TT14¢1°014 1

0°0T440°0T440°TT44T°644T°TT44T°2T44NOTILDIS HAddWHZ T OHT) LVHYO4 2001
. - (MH/GHY ¢ X2 140S-S/8TH6 X% 4°930HG
EXG Y OTAHG ¢ XE 4 LJOS—H/GHB XYy *ISAHE XL VISAHY * XL ) dHZ  XY2
] JLIXHL 4 XL 4 INANTHG*XECALTO0TIAHEG * XE
ENTCLDISHLEXEENT ®LIISHL X EXNTAHY ¢ X9 ¢ dOYAHY ¢ X7 4 TUYNSSHULHE X 1€
/XHTAX9 LVIAHHY *XGESSYIMHY E XG4 dWAL OHHL X2 dI i MHVNHE
EXTELVIH NVIWHO4XZ4FUNSSIUAHE X CLIATNIHG XG HLINITHI *XTZ*0H 1
/A YV W W N SHET XLHCOHTY LyWdO4 10071
(yv8T1¢X94HVee FLVUHGPOHT ¢
, ‘ /€ T¢ INDLINOHLAXE*SISATYNY JONYWUO4YId GNV 1
NOISIO ¥3I08 - WYY90¥d ¥3INdW0D 343009 8-dYNSHELX6T %
/77775 THT Y LVWNOS 0001

SINIWILVIS L¥WHOA

LIOINMEZD¢TO¢THIIHL TV Ed 1

(C€0T49)3LIuM

THOLTIG*IX  LIMX A WOIOT*OXEUDTHL 14

$THVICCONdOYA X IT13Hd* TGV LT “XNOD “HVEa LOLTI3Q XM T4 8 dXNDD 1
(Y<0T49)3LTHM

INIXACTNVETTHYLd * ddWH0 9

SddWHE LND XA ddWa S ANDD* X ddd $HLOTdOCZNY £ 00 THLd “d LTHAD

(€eotss

S

1

J
J
J

A=-27



JE€T1%= FIGVICHBXS € €T44= ONdDUOHB4XB4E*¢T44= XINIHJHB*X8T* HI ¢
/ETI¢= J9VLIIHReX8 e cld¢= XNOOHB ¢ XR4E°cT14¢= YYEAHE “X8T¢ HT 2
JE°ET4d4= I0LTIAHRBXBE CT44=  XINIHHBEXR*E€€Tdé=  dXNOOIHB XST*0HT 1

JLYWHO4 %€0T1
(€€Td%=  INIXHHB84X8¢c°gcld4¢= INVHBeX84€°¢Td¢= IHYLJHB*XB8T* HT &
/€°€T4¢= ddWTAAHBEXREET44= ddWHHE X8 g cld¢= INJHBEX8T¢ HT ¥
/€614t = XQHBXBéggTd¢é= ddiaHg xXgeeeeT1dé= ANOOHE4X8T4 HT ¢
/E€°€Td¢= IXHBEXBeEgTdé= ddWdH8¢X8E cT44= YLIO0NdAHEX8T*¢ HT 2
/€°€T4¢= ZNUHBEX84€°€Td44=" OIYLJHE X8 ¢ °¢CTd%= YLIHOHB*XBT*OHT 1

) Lywy0d €€01
(g°¢idt= LHMYHB¢XgsgcTd4¢= NUNLHE X8¢€¢cTd¢= TONLHBX8T® HT G
/€°€T44= LSMVHBEXQbEET44= VLLHB*XR4¢c eTId¢= OGHLHB¢X8T* HI ¥
/E€ETds= INWVHREX84EgT44= TOHB4X84¢¢CTd¢= IGHLIHE*X81¢ HI €
/€°CTdt= INHHG¢Xg8tC e Td¢= THOHE ¢X8*e°cTd¢= 09HdH8¢X8T1¢ HT ¢
/E€°€T4= SSLHBYXB*E CcTd¢= OUNLHBEX84€CT4= HMHB*XBT*OHT 1

) LyWd¥04 2€01

(VIVQ LNANTHOT¢X9%¢0OHT) LYWY04d 1€01

(NDILD3S HSXHISHYT*XT640HT)LVWYOS 0€0T

(NOTLD3S XXHISHET!XZ6*0HT) LYWAOL 6201

(NOILD3S dXHOT*XS6¢0HT)LYWY04 8201

) (NOTLD3S HAHOTXG640HT)ILVWEOS L1201
(S39NL 40 YIGWNNHGTXT240°gd¢4= INHS 1

SXTZ2400 Yvg YILNIDHETEXGEHIONT HG % 4%=  Yydd H8*® HI)LYWY0d4 9201
(VIUVLD3SSOUDHET * XL “HONIOSHO *XHH o 4= HVHO¢XH»T 1

$SSANMUIIHL dIYLS XHASHOZAXG HINIHY X2ee°9d4%= YIIHL H8* HI)LVWYOd G201

(XHAS 03 °VIQHZT ¢X6 *HIONIHY¢XHéHe)l4é= HIAHI 1T

 $X%24HOLId XHISHOT*XS*HONIHY$X24€°944=X11IHd H8* HT)LIVWIO0d +20T
{(VIYV*LDISSOUIHET SXLEHINIOSHI ¢XHe¢H 2L 4é=ddWIVHT T

EXLTE{ZIHLIOIIH FOVSSYAHLT XSG HINIHY 4 X24C°9d4= ddWHH H8¢ HTILVYWAOL €201
{ddW 03 VIGHTT XE *HONIHY XY Hi44=ddWaaHe 1

EXJTH(TIHLIOIAH 9USSVYAHLT XG *HINIHY *X24€ 044 ddWHHI4X24 HTYLUYWYOd 2201
(VLEALIATLONANDOHGT X244°930~1Ld~-YH/NL1GHGT*X2%2%G4%= VIiNHI 1

EXTZEHIAIM JOVSSYAHET XGHINIHY ¢X24C*9dé= ddWAHIAXZ4 HIYLVYWY0d 1201
(MUNSALIATLIONONDD d°930-14-¥H/NLAHEC X242°Gd = JNUNMHI*X64d1

did NI_S39VSSVd H40_dAdWNNHGZ SXETe0°Hdé= ZNH®AXHE HTYLVWYOLd 0201
{SSEALIATLONONODIHGT*X244°930~1d=-YH/NLGHGT *X2¢2°Gd¢= SSMHO 1

$XGZ4HOLId ddWHBEXG HINTHY $XZ4€°9d4= ddWdH9*X24O0HT ) LVWY0d 6101

(%00 39NL 9HHTT XSG HONTI HG*€°94¢= 2aH% XL ¢3A0T

Y 40 IWIOLHYT4XG4NLE/4°930-L40S-HHHLT*X249°6d4%= ¥¥ H9¢ HI)LVWIO4 8101
(SSANUIIHL TIVM SSHATXG*HINI HG*€°94%= SSIHGXET 1

§39NL VIHLAXG4N18/4°930-140S-UHHLTX249°64%= 1HIUYHO® HT)1VWY0d L101
((NVAW)SSINWITHL NVYNNIVLSHGZ ¢XGEHINI HG*€*9d¢= ISIHG*X84MNT

VN LNVNOVISHZTAXGN19/4°930-L40S-UHHLT X249°64%= 1SOUH9® HT) LVYWY04 9101
(SSANHITHL TV VIHLT*XG HINT HGC*94%= VIIHG*XET T

SIANL SSHLAXG NLE/d°930-1L40S—¥HHLT*XZ49°64%= INDYH9¢ HI)LVWE0d G101
(AT 38NL OHHOTEXGEHINT HGE€°94¢= TAHYXET 1

Qo

3
\

T



{(HOX)YSEY=4H0¥%

SINIXENNS (TG YX1a 1

FLTGIAAS (TG I XX AAXINLAT A (TCIAAACLTIGI XXX /AX/NOWWDD
MUNEAXNWY ¢ AXNAWY /0HE/NOWWOD

SHT v3y

{(MOX 1 L00Y0Y NOILINNS

anN3

NYNL3H

SHIA/{SHY=SHT) =1L004YdX

LEVd=3023H)-=SHY

YOWdd/*T=SHT

(7ML Ve (P YAAAREHx (F) XXX 1

%2 INAT d+OHY LV Y% e NIWN LV (£ ) AAA#Z 3 (0 ) XX XN Tdx®T=) LYOS=MI3HD
MWLV (C)AAAR LT ) XXX ONA T d=OHY L VY NIWL Vs (M) XXX G o= LdVd
CaAd0Wdd/ (0° T=ZxxU0Wdd ) =0HULYY

ADXNWY /ddXNIWY=NKWLVY

AXINL/6GTHTex*H=)0N41d

(UOWdd) SgV=d0OWdd

ELTGIAAC TG XX AXINLEP S (TGIAAACLTG)I XXX /AX/NOWWOD
AdXNWY 4 3dXNWY / dXOH/NOWWOD

SHT v3H

(Y0Wdd) LO0YdX NOILINNA

anN3

. N¥NiL3d

SHI/(SHY=-SHT1}=100¥dY

k(L YOWdd=°T)=SHY
((v13gx0808%6GTHT*ExG*+(X
0¥0Y- HOWdd )%=+ A0WddRV LI (M ) XXXxVEIFGuaXINL) /S ( 23 0¥0UX

RV L% 8/6GTHT*E+°2/VIF8x (2500~ %% HOWAd ) Y P)AAAL®8ZT=SHT
, (Y0WddISEY=U0Wdd
JINIXSNNS(TG)EX1a 1
CELTGIAACLTIGIXX S AXINL AP A {TGIAAAC (TGY XXX /AX/NOWWOD
0d0Y¢viIIa/WIEd0d/NOWWOD

SHT 1vdd

(d0Wdd ) 100ddY NOTLINNA

aN3

NYnlL3d

( geeldé= LLOLNMHB*X8T® HT ¢
/ geeldeé= ZOHBEXET® HT %
/ €°€id¢= TOHE84X31¢ HT €
/ ceeld¢= IUADIHIHB*XYT® HT ¢
/. €eeldb= TUVHOHB*XBTOHT 1

JLYWAHOd 6201
(€°€l4%= THILIdHB X8 e €14t = IXHBXB¢CcTd¢= LAMXHA*XS8T® HT §

OXHB*XG E eTd= DDTHIHE*XQT® HT ¥

i

/eTlt WOTOTHREXB4C ¢ 148

]

JINLXENNS(TS)EXLa T

/9-27



O=4dv¥d1
(LIX*(L)IX9 NOISNIWIQ

WYA90dd ONITTVD NI NOILVO0T -d31iS1I

SONTATIVH MVAYILINT 40 ON -SSVdN

SUNYUI HO FONIDUIANOD ON SILVIIANT 0O¥3IZ TvNO3d LON - Y3l
9 40 ANTIVA FLNT0SEV ONILIWIT - ANOD

GdVD TUYNYLXI HIIHM WVHO0Hd ONITIVI NI SI
{(X)9 NOILONNS 3NIAVA FT19ONIS V 40 1L00W V ONId OL INILNOY TvddINgd9

(UUFT4IAYXADILSTIESSYANCANOD S THXA0TIX4/9/)100d INT LNOYENS
anN3

NYNL3Y

SHI/{SHY+SH1) =L00YHS

TNOD9/9HSO-4HS LA ZNDD9=SHY

CEEE TaxdHS1A=SHT

(4HSLA)SdV=4HS1Q

SH1 vy

HHSO4ZNOD9 ¢ INODD/HSHS /NOWWOD

(4HSLQA) LOOYHS NOILINNS

anN3

NYNL3Y

SH1/ (SHY+SHT)=100¥41

(NN)EX1Q-9°0%x 0LXd%22DxuY=SHY

- QLXd4=SH1

(QLX4)Sdv=01%X4d

; JINLXENNS(TG)aXLa 1
CLTGIAACLTGIXX IXINLEP S (TGIAAAS(TGIXXX /AX/NOWKHOD

WY /YU /NOWRWOD
9073/4 110 /NCHWOD
SH1 1v3ad

(Q1X41100493L NOTLINNA
an3

NYNL3d
SH1/(SHY-SHT1=1004Y04d
LYYd=-AHI3HI-=SHY
dOX/°1=SH1

{(HaxNWiVYxdax (NNYAARS O (NN XXX

%2 INA T JHOHY LV Y€ kNN LY Y (NN ) AAZoksx (NN ) XX%ONATd %°T=) Ld0S=MUIIHD
e NIW LV (NN ) AAR (NN IXX£INS T d=0HY LV ExNW LV (NN ) XXxG°=18Vd

€ sk HOX/{°T-Z%x%x dOX)=0HY LYY

AXNWY /4XNHT=NWL 7Y

JINIX/66THT°Ex"=0Nd1d

CLLOLLOLOLVOL O

A-30



=¥

GXHI=G(XHI)
SIGNG=SIGN(1.0,GXHI)
GXLO=G(XLO)
SIGNGL=SIGN(1.0,GXLO)
IF{SIGNG.NE.SIGNGL) GO TU 10
DELX={(XHI-XL0) /4.0
X{1)=XL0O-DELX
DG 50 I=2477 )
X{1)=X{I-1)+DELX

50 CONTINUE
DO 55 I=147
GX{1)1=G(X{(I))

55 CONTINUE

WRITE(651000) ISTEP,XLOsXHIo(X(I)GX(I)eI=1,7)

1000 FORMAT(1HO,10Xs53HIN CALLING ROOT BOTH G(XHI) AND G(XLO) HAVE SAME

"1 SIGN// 25X, THISTEP =,110+5Xs5HXL0O =41PEL12595X,5HXHI =,4E12.5//

2 1HO+40X,15Xs4HG(X)/{1HO+35X,1PEL12.4,

IERR=1
XAVE=0,0
"RETURN
10 DO 20 I=15NPASS
© T XAVE=0.5%(XHI+XLO)
GAVE=G(XAVE)
IF(ABS(GAVE) .LE.CONV) RETURN
IF(SIGNG<EQ.SIGN(1.0,GAVE)) GO TO 21
- XLO=XAVE ’
GO TO 20
21 XHI=XAVE"
20 CONTINUE
IERR=1
RETURN
- END
FUNCTION PTNA(X)
C VAPOR PRESSURE AS A FUNCTION OF TEMP.
DIMENSION TEMP(11)sPNAK(11)
‘DATA TEMP/ 820.000; 850.0665 899.185,

1 1149.37s 1252,025 1349.87,
DATA PNAK/ .119000, 170335, 287456,
2 2:390425 4.80700, 8.41623;,

ENTRY  PNAT(T,ISTEP;IERR)
IF{T.GE-.TEMP(1)} GO TO 120
- PTNA=PNAK (1)
110 CALL PERR{4HPNAT,ISTEP,T)
TERR=1
RETURN
120 IF({T.LEL.TEMP(10)) GO TO 130

E21.4))

950763,
140000,
e468178?
11.08005

'1000.02,

0.0/
.730625,
0.0/

1050.17,

112203,
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He-tr

140 CALL PERR(5HTNACL,ISTEP,C)

1 900.000y 849,999, 0,0/
DATA CNAKI/ 14.5900y 146668, 14.8070y 14,9324, 15.0436,
1 15.1600, 15.1720y 0.0/
' ENTRY CNAT(V,ISTEP,IERR)
CIF(T<GE.TEMP(1)) GO TO 120
CTNA=CNAK (1)
110 CALL PERR{4HCNAT,ISTEP,T)
IERR=1
~ RETURN

120 IF(T.LE.TEMP(15)) GO TO 130

CTNA=CNAK(15)
GO TO 110

130 CALL INT4{TEMP;CNAK,T,V)

CTNA=V
RETURN ‘
TEMPERATURE AS A FUNCTION OF LIOUID THERM. COND.
RANGE 68.0 DEG TO 800.0 DEG
ENTRY TNAC1(C,ISTEP,TERR)
IF(C.GE.CNAK(1)) GO TO 150
- CTNA=TEMP(1) ‘

“TERR=T
RETURN

150 IF(C.LE.CNAK(8)) GO TO 160

CTNA=TEMP(8)
GO TO 140

160 CALL INT4(CNAK,TEMP,C,TT)

NS

IERR=0

- RETURN
TEMPERATURE AS A FUNCTION OF LIQUID THERM. COND.
RANGE 800.0 TO 1400.0 DEGREES '
ENTRY TNAC2(C2,ISTEP,IERR)

" IF(C2.GE.CNAKI(1)) GO TO 180
CTNA=TEMPI(1) -

170 CALL PERR(SHTNAC2,ISTEP,C2)

IERR=1
RETURN
180 IF(C2.LE.CNAKI({8)) GO TO 190
T CTNA=TEMPI(8) ‘
GO TO 170
190 CALL INT4(CNAKISTEMPIZC2,TT)
CTNA=TT
IERR=0
RETURN
END

15,1338,
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LE =Y

110

i,

DATA SVHGI/ <1067, <1093, 1123, 1158, 41198, «1245, 1301,
1 1369, <1451, «1553, 1683, <1851, <2080, .2475, 2740, 0.0/
ENTRY SHGGT (T, ISTEP, IERR)
IF(T.GE.TEMP(1)) GO TO 120
STHGG=SVHG (1)
CALL PERR(6HSHGGT 4 ISTEP,T)
1ERR=1

- RETURN

120

130

140

T RETURNT

150

160

IF(T.LE.TEMP(15)) GO TO 130
CSTHGG=SVHG(15)
GO TO 110
CALL INT4(TEMP,SVHG,T,V)
STHGG=V
"IERR=0
RETURN
"TEMPERATURE AS A FUNCTION OF VAPOR ENTROPY
ENTRY THGGS(SV,ISTEP, IERR)
IF(SV.GE.SVHGI(1)) GO TO 150
STHGG=TEMPI(1)
CALL PERRI{SHTHGGS,ISTEP,SV)
IERR:I F——— . . s N - A
IF(SVeLE.SVHGI(15)) GO TO 160
~ STHGG=TEMPI(15) o
G0 TO 140
TCALL INTG(SVHGIZTEMPI SV,TT)
STHGG=TT
“TERR=0
RETURN-

~“END

FUNCTION STHGL(X)
LIQUID ENTROPY AS A FUNCTION OF TEMPe.
DIMENSION TEMP(16)y SLHG(16)

"DATA TEMP/ 68.0,153.731,249.700,350.222,450.,020,550.030,650.034,

1 749.932,850.0925949+950,1049.98,1150405,1249+91,1350.2051400405

2 0.0/

110

DATA SLHG/ 1.80000E-03,7.37344E-03,1.193735E~0291.64937E-02,

1 2.02062E-0242.34937E~0242.64312E~0242.91312E-02,3.15750E~02,
2 3.38187E~0253459250E~-0253.78187E~0253.95687E-02y 4.11750E-025
3 4.19000E-02, 0.0/ ' :

ENTRY SHGLT(T,ISTEPsIERR)

IF(T.GE-.TEMP(1)) GO TO 120

STHGL=SLHG(1)

CALL PERR{GHSHGLT sISTEP.T)

TERR=1

RETURN




o

120

130

140

150

160

IF(T.LE-TEMP(15)) GO TU 130
STHGL=SLHG(15) ‘
GO TO 110

CALL INT&4(TEMP¢SLHG,T,V)
STHGL=V

IERR=0

RETURN

TEMPERATURE AS A FUNCTION OF LIQUID ENTROPY
ENTRY THGLS(SL,ISTEP, IERR)
IF(SL.GE.SLHGI(1)) GO TO 150
STHGL=TEMP{1)

CALL PERRI{SHTHGLS,ISTEP,SL)
IERR=1

RETURN

IF{SL «LE.SLHG(15)) GO TO 160
STHGL=TEMP({15)

GO TO 140

CALL INT&4(SLHG,TEMP,SL,TT)

~ STHGL=TT

IERR=0

RETURN

END

FUNCTION HTNA(X)

ENTALPY AS A FUNCTION OF TEMP.

DIMENSION TEMP{16), HNAK(16) i
DATA TEMP/ 68.0, 100.0, 200.0y 300.0y 400.0, 500,05y 600.0;,

1 700.0, 800.0, 900.0y 1000.0, 1100.0, 1200.0y 1300.0, 1400.0. . .

2 0.0/

110

120

130

DATA HNAK/ 10¢0y 1705 38¢55 610, 82¢0y 103.05 1250y 146.0;
1 167.0y 188.05 209.0y 229.0s 251.04 272.0y 292.0, 0.0/
ENTRY HNAT(T,ISTEP,IERR)

IF(T.GE.TEMP (1)) GO TO 120

HTNA=HNAK (1)

CALL PERR{4HHNAT,ISTEP,T)

IERR=1

RETURN

IF(T.LE.TEMP(15)) GO TO 130

 HTNA=HNAK(15)

GO 70 110

CALL INTA(TEMPsHNAK, TsV)

HTNA=V

IERR=0

RETURN

TEMPERATURE AS A FUNCTION OF LIQUID ENTHALPY
ENTRY TNAH{H; ISTEP, IERR)

IF{H.GEHNAK (L)) GO T0O 150
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/7‘;"6’

2 0.0/

DATA CLHG/  4.95, 5.069 544y 581y 6020y 6,583 6.93,

1 768y o935 Bel9y B.4%s 8.70s 8.94s 0.0/

110

120

130

ENTRY  CHGLT(T,ISTEP, IERR)
IF{T.GE.TEMP(1)) GU TO 120
CTHGL=CLHG(1)

CALL PERR{OHCHGLT ISTEP,T)
IERR=1

RETURN

IF{T.LE.TEMP(15)) GO TO 130
CTHGL=CLHG(15)

6O T0 110

CALL INT4{TEMP,CLHGsT,V)
CTHGL=V

I1ERR=0

RETURN

TEMPERATURE AS A FUNCTION OF LIQUID THERMAL CONDe.
ENTRY THGLC(CL,ISTEP,IERR)
IF{CL «GE.CLHG(1)) GO TO 150

- CTHGL=TEMP (1)

140

150

- CTHGL=TT

110

CALL PERR(ISHTHGLC,ISTEP,CL)
CIERR=L

RETURN

IF(CL «LE.CLHG(15)) GO TO 160
CTHGL=TEMP(15)

GO TO 140

CALL INT4(CLHG,TEMP,CL,TT)

TERR=(0 -

RETURN

END

FUNCTION CPT!GG(X)

VAPOR SPEC. HEAT AS A FUNCTION OF SATURATION TEMP.
DIMENSTION TEMP(16)s CPVHG(16) '

7.18,

704’3'

DATA TEMP/ 200:05250604300:0:350,05:4506.04550.0496506 09730 03850605

1 950.051050.051150.041250.0,1350.0,1400,0, 0.0/

DATA CPVHG/ 2.474E~0252.47444E-0242.47500E-02492.47531E-02,
1 2.47T7T81E~02+2:48194E-02,2:48644E-0232.49131E-02452.49737E-02,
2 ? 50887E-02+2, 52562E 0252:54525E-02,2.56675E-02;2.59012E-02;,

3 2.60300E~-02s 0.0/

ENTRY CPbeT(T ISTEP, IERR)
IF(T.GE.TEMP({1)) GO TO 120
CPTHGG=CPVHG(1)

CALL PERRI(G6HCPHGGT,ISTEPST)
[ERR=1
RETURN
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&p=v

2 0.0/
ENTRY HHGLT(T,ISTEP,IERR)
IF(T.GE.TEMP(1)) GO TO 120

" HTHGL=HLHG(1)

110

120

130

CALL PERR{6HHHGLT 4ISTEP,T)
IERR=1

RETURN

IF(T.LE.TEMP(15)) GO TO 130
HTHGL=HLHG(15)

GO TO 110

CALL INT4(TEMPsHLHG,T,V)
HTHGL=V

TERR=0

RETURN

TEMPERATURE AS A FUNCTION OF LIQUID ENTHALPY

- ENTRY THGLH(HL,ISTEP, IERR)

140

150

160

IF(HL «GE.HLHG(1)) GO TO 150
HTHGL=TEMP (1)

CALL PERR(SHTHGLH, ISTEP,HL)
1ERR=1

RETURN

TF(HL <LE.HLHG(15)) GO TO 160
HTHGL=TEMP(15)

GO TO 140

CALL INT4(HLHG,TEMP,HL, TT)
CHTHGL=TT

IERR=0

~ RETURN

END

FUNCTION HTHGE(X)

LATENT HEAT OF VAPORIZATION AS A FUNCTION OF TEMP.

DIMENSION TEMP(16), HFHG(16), TEMPI(16), HFHGI(16)

DATA TEMP/ 68.0y 100.0y 200,09 300.0s 400.0y 500.04
1 7000y 800.0y 900.0s 10000, 1100.0, 1200.0s 1300.0,
2 0.0/ '

DATA HFHG/ 131.50, 131.30, 130.50, 129.70, 128.90, 128.10,
1 12645y 125,60y 124.75y 123.85, 123.00, 122.00y 121.20,
2 0.0/

DATA TEMPI/ 1400.05 1300.0s 1200.0, 1100.0, 10000y 900.0,
1 700.0, 600.0; 500,05 400.0, 300,05 200,05 100.05 68.040,0/

DATA HFHGI/ 120,10y 121.20s 122.00, 123.00y 123.854 124.75,

600.0’

1400.0,

127.25,
12010,

800.0,

1 125605 1260455, 127,25, 128,10 128,905 129.70y 130.50, 13130,

2 13150, 0.0/
ENTRY  HHGET(T,ISTEP,IERR)
IF{T.GE.TEMP{1)) GG TU 120
HTHGE=HFHG (1)
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APPENDIX B

OUTPUT - SAMPLE PROBLEM



NOMENCLATURE

ROUNDARY - Buperheat section boundary number,
DIFIIM - Temperature difference, wall-to-bulk Hg, °F,
DTNHG - Temperature difference, NaK-to-Hg, °F,
DTSS - Temperature drop across stailess steel wall, °F,
DTSTAG - Temperature drop across stagnant Nak, °F,
DTTA - Temperature drop across Ta wall, °F,
H - Hg side film conductance, Btu/hr—ft2—°F,
LENGTH - Boiler length from NaK exit point, f%,
LIQ FIIM - Liquid film thickness, inches,
Nu - Nusselt modulus,
P - Pressure, psia,
PE - Peclet modulus,
PH - Preheat section length, ft,
PHBOND - Preheat section boundary number,
PHI - Two-phase flow pressure drop factor,
PR - Prandtl modulus,
QFLUX - Heat flux, Btu/hr—ftz,
RE - Reynold's modulus,
REVAP - Reynold's modulus, vapor only,
RO - Nandimmensional liquid film thickness in divided two-phase
flow regime,

THAK - Temperature, Nak, °F,
THG -~ Temperature, Hg, °F,
Tl - Ta tube inside wall temperature, °F,
T2 - Ta tube outside wall temperature, °F,
T3 - Stagnant NaK containment tube (8S) inside wall temperature, OF,
Th - Stagnant NaK containment tube (SS) outside wall temperature, °F,
U - Conductance NaK-to-Hg, Btu/hr—ft2-°F,
XP - Vapor quality boundary increments in plug insert section,
XWET - Vapor quality boundary increments,

X Poul )

XX = — - Eq 12a, Appendix C,
(1 - x)p g
X p p .
XXX = ARSI - Ba 26, Appendix C,
(1 - x)p iy

Bii



l\Tl r ul
YY = — - Eq 12b, Appendix C,
12 x WTOT
N, N, r p .
YYY = L E o 1 - Eq 27, Appendix C,
12 x wTOT
ZETA - Frictional pressure drop coefficient,
ZETALIN - Linear frictional pressure drop coefficient,
ZETATAN - Tangentional frictional pressure drop coefficient.

Bii



SNAP-8 BODEPE COMPUTER PROUGRAM

JATE 08-26-08

SNAP-8 TA-SS DOUBLEF CONTAINMENT BCILER,MPP+SFHX,BODE.LO.

LENGTH INLET  PRESSURE
o - PRESSURE DROP
FT PSIA PSI
IPPPH SECTION ~ €.9 T310.9 0.5
4PPXP  SECTION 2.7 31C.5 19.3
SFHXX SECTION 15.4 261.2 15.8
SFHXSH SECTIUN €5 271.4 10.3
EXCESSH SECTION 0.0 261.1 0.0
TOTAL BOILER 25.5 * 2¢l.1 4G, S
% < EXIT PARABETERS
b3
= NAK ELOW MERCURY ENTHALPY CHANGE
_ TOYAL  NET FLOW NAK HG
LB/HR LB/HR LB/HR BTU/LB - BTU/LS
48184, %7070, 11800, 37, 147,

RCNF = C.0C0228

HR-SQFT-DEG.F/BTU NAK FILM

RCNY = 0.,000159 HR-SQFT-DEG.F/BTU $S TUBE

RCST = €.0€0360 HR-SQFV-DEG.F/BTU

RCHT = C.000079
RR = €.0C0826"

- HR-SQFT-DEG.F/BTU
HR~SQFT-DEG.F/BTU

TA TURE

- BOILER DESIGN AND PERFORMANCE ANALYSIS  OUTPUT 1
SUMMARY ) 7 o
HEAN HEAT NAK TEMP HG TEHWP MASS HEAT X
FLUX SECT.IN SECT.IN  VELOCITY  INPUT EXET

B/H-SQFT  DEG.F DEG.F LB/S~SQFT B/

214451, I110. 50C, 830.9 230742, 0,0
53442, 1134, 1099. 830 .9 174216, 0,12
67434, 1151. 1086, 235.4 1278692. 1.00

6920. 1277, 1073. - A 55280,
1283, 1260. 238.4
¥ 1283. % 1260. 1738930, _ -
THERMAL  HEAT LOSS PINCH  TERMINAL  VAPOR
POWER EXTERNAL POINT DT NAK-HG DT SUPERHEAT
KW Ki DEG. F CEG.F DEG.F
T 527, 12, 35.8 T 22.8° 195,
AND HG PASSAGE GEOMETRY i
D1 = 0,679 INCH HG TUBE 1D
TTA = 0,040 INCH = TA WALL THICKNESS
“TST = 0.980 INCH T STAGN JNAK THICKNESS (MEAN)
TSS = 0.035 INCH SS WALL THICKNESS
N2 = 0.980 INCH HG TUBE UD.
KSS =13.00 BTU/HR-FT-DEG.F CONDUCFIVITY,SS

PEPF = 6.000 INCH MPP PITCH

N2 = 16. NUMBER OF PASSAGES IN MPP
DMPP = 0.080 INCH PASSAGE HWINTH

_HMPP = €.032 INCK PASSAGE HEIGTH({1}

HHMPP = 0,072 INCH PASSAGF HEIGTHIZ)

PHELIX= 3,000 INCH SFHX PITCH S

TTHICK = C.03C INCH SFHX STRIP rn;cthss

DERAR = 0,1875 INCH CENTER BAR NC

TJHERM AL PASS RESISTANCES MATERIAL CONCUCTIVITIES

'STAGNANT NAK

TOTAL UF ABOVE

KNAK =15,00

BTU/HR=-FT-DEG.F

CUNDUCTIVITYNAK

KTA =40,70 BTU/HR-~FT-CEG.F CONDUCTIVITY.TA
DEMPP= 00,0752 INCH DIA.€EQ.,MPP
ACHMPP= 0,.0051 SQINCH CRUISSECT ARFA
DEH = 0.4216 TNCH DIAEQ o9 SFHX

AH = 50,2828 SQINCH CROSSECT . AREA
N1 = T NUMBER UF TuBES
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PHLENGTH T4
0 9617.38¢C
_ 1.30950E-03 971,211
0.0147500 975,052
 C.0223612 $78.906
0.0301846 982.777
0.02826€C 986.668
_.0.0466541 =~ 990.581
0.0554060 994,516
_ 0.0845573  998.481
0.C742046 1002.46
0.C841745 1006045
0.0944512 1010.45
0.104970
. 0115664  1018.44
- W €.126482 1022.42
ﬂ
0.137456 1026.41
0.14€783  1030.40
0.160405 1034, 36
__0.172442 1038.3G
0.184983 1042.36
0.158127 1046 .4C
0.211854 _ 1050.42
0.22€217C 1054 .44
_0,241348  1058.46
0257234 10£62.50
C.274056 1066 .53
€.261955  1070.58
0.311118 1074.63
__0.33171¢ 1078.65
0.353915 1082.7¢

1014.44

T3

867.573
813,671
‘875,787
885,525
892.088

898.280

..904.503
31C. 762

917.C53

© 923,368

929,701

336,044

942,361

54, T3¢
985,82

961,432
967,785

974,153

98C. 525
98€.907

993,296
999,699

T 1006.11

1012,52
1018.95

1C25.38
1031,83
1038.28
1044,75
1051.22

Te

641.866

653,091

664.352
675,653
687.000

698.396
709. 846
721.352
732.909

744,507

156.135
167. 784

T79.446

791.115
802.794%

814.488
826,199

€37.926

849.669
861.429

€73.206
884,999

- 856.807

908,631
920,471

932,326
S44.197
£56, 083
67,586
519,904

- B812.899 7

Tl

592,495
604.842
617.228
629,658
642.139

654.674%
667.26T

679,920

692.630
705.3873

718.170
730.979

T43.804

756.636

769.482

782.345
7195.228

808.128

821.045
833,982

846,937
859,909

885,906
898,930

911.970
925,028
938,103
951,195
964,303

OoTTA

49.3711
48,2495
47.1243
45,9949
44,8608

43,7224
42,5193

40.2795

39,1240

37.9658
36,8052

32.1426
30.9714
28.6235
27.4470

26,2690
25.0896

23.9082

22,7253
21-.5410

20.3555
19.168%
17.,9405%
15,7913
156206

T4l.4316

735.6426
34,4783
33,3115

29,7983

DTSTAG

225.707

220,579

215.435
210.271
205,087

199, 883
194.657

"189.410

184,143

" 178.861

173.566
168. 260
162.945
157.622

152.288

146, 944

141,590
136.227
130.856
125.478

120.092
114,700

109.300

103.892

98.4778

93,1574
87.6313
82.72000
76,7629
71.3203

DTSS

99.8074

. 97.5400

95,2651
92.9819
90.6897

88.3882
86,0774
83.7568
81.4280

79.0923

76.7507

14.4043
72.0540
69.7002
67.3418

64,9788

62.6111

1 60.2395

5T7.8645
55,4863

53,1047
50,7202

48.3323

45,9412
43,5469

41,1499
38,7507
36 .3489
33.9440
31.537¢8
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PHRLENCTF CTTOTAL

C 174,885
__7.30950E-03  36€.36S
0.01475CO 357.€24

| €.0223612  349.248
C.0301846 340,638
0.0282¢¢€0 331.6%4
000466541 323.314
0.05540¢£0 314.568
0.0645973 3N5,851
0.C742046 297.0717

 C.0841749 288,282
0.£944512 275,466

w 0.1C497C 270.641
L 0.1156€4  261.8CC
© 0.126482 252,542
C.1374S9 244,066
...08.14E783 235,173
0.16C4C5 226.265

. 0.172442  217.344
0.184982 208,411
0.198127 199.4¢6

. ..L.211894 190,519
0,22621C 181,540
0.241348 172.555
0.251224 163.56€
C.274056 = 154,562
€.291955 145.5¢1
C.311118 136.529
C.23171% 127 .479

0.283261¢ 118,455
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p

210,483
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QFLUX
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.9

U
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0 -

DINHG
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52.4897
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o .
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Te6T%84
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1278.72
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1077.25
1081.98
1086.66
1091.35

1066.C3
1100,72
110%. 40
1110.09
1114.77

1115.45
1124.14
1128.82
1133.51
1138.19

1142.88
1147.56
1152.25
1156.932
1161.62

1166, 30
1170.69

S 1178.¢7

1189.35
1185.04

1189. 172
1194.41
1155.CS
12C03.78
1208.46
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271 .404
271.317
271,228
2711.135
271,041

270.943
270,842
270.738
270,630
270.519

270.404
270.284
270.161
270,033
269,900

269.761
269.617
269,467
269,311
269.147

268,976
268,797

T 268.608

268,410
268,201

267980
26T.T46
267,497
2()79?32
266,548

LENGTH

18.9748
19.0366
19.0999
19,1647
19.2313

19.2996
19.3698
19.4419
19.5161
19.5925

19.6712
19.7523

19,8360

19,9225
20.0119

20,1045
20.2705%
20.3000
7004034
20.5110

20,6232
20,7402

20,8625

20,9907
21.1253

21.2669
21.4163
21.5743
21.742¢C
21.9205

QFLUX

18222.4
17783.9
17346,2
16909 .3
16473, 1

16237. 4
15602.7

15168.8

14735.9
14303.8

13872.6

13442.4

13013.2°

12585.0
12157.7

11731.6
11306.4

110882.4

10459 .5
10037.8

9617.35
9198,12
8760.19
8363,69
7948,.53

1534, 85
71122.78
6712.34
630359
5896 .64

u

89.9881
89,8416
89,6924
89.5397
89.3835

89.,223C
89.0591

' 88,8911

88,7197
88.544C

88,3639
88,1797

"87.9903

87 .7960
87.5959

87.3903
87.1783
B6.9598
86,7342
86,5009

86,2599
86,0099
85.7503
85,4804
85.2001

B4,.,3CT2
84,6015
84,2814
83,9447
83,5902

DTNHG

202.498
197 .9417
193.397
188.847
184.297

179.745
175,195
170,645
166,094
161.544%

156 .994%
152.444
147 .894
1193 » 34%
138.793

134,243
129.693
125.143
120 .593
116.043

111.493
106 .9’!3

102.393

97 .8423
93,2925

88.7472
B4, 19721
79.6421
T5.20923
T10.5422



BCUNCARY

1
2

Wi W

H

97.210¢
97.03¢7
96.865¢
96,6875
96,5054

56,3183
96,1274
95,5317
95.7321
95 .5275

$5.318C

. 95,1036

94,8834
94,6574
94,4249

. S4,.1861

93,6366

93.6862

93,4244

93,1521

92,8744
92,5845

'92.2838

91.9714
91.6466

91.3081
50,9547
9C. 5848
90,1555
87.178¢9

DTHILM

187.453
183.2¢64

T 179.C76

174, EB7
170, €59

166.503
162.314
158.118
153.930
149,734

145,527
141.345
137.149
132.953
128,753

124.557
120.357

1164158

111.558
1C7. 154

102,554
99,3503

95.1428

9C.9352
86,7315

82.52C2
78,3127
T4.1012
65,8881
65.6748

RE SH

123888,
123086.
122291.
121503,
12C722,

119546.
119176,
118413,
117657,
116907,

116165,
115426.
114700.
113979,
113265,

112557,
111857,
111155,
110479,
109801.

1€913¢C,
108467.
107810,
107161.
106520,

1C588b5.
105258,
1C463¢8.
104025,
103416,

ANULIN

217.166
216,150
215.140
2144137
213.140

212.148
211.162

210.182

209,208
208,240

207.278
206,322

205,372

204,429
203,492

202.562
201.639
260,722
199.812
198,909

198.013
197.124
196,243
195.368
194,501

193.641
192.789
191.944
191,105
190,273

HLIN

54,3917
54,4604
54,4896
54,5390
54,5886

54,6387
54,6882

- %4,7385

54,7894
54,8408

54,8927
54,9452
54,9981

55,0515

55. 19254

55,1598
55,2147

55,2701

55,3259
55,3822

55.4391
55,4964

55.9543

55.6126

55,6713

55. 7306
95.7903
55,8505
59,9108
55.9713

ANUFOR

252.199
251,019
269,846
248,681
247,523

246,371
245,227
244,088
242.957
241.833

240. 716
239:.606

$238.503

237.407
236,319

235,239

234,167
233,102
232,045
230.996

229,956
228.924
227.900
226.885
225.878

224.879
223.889
222,908
2721.934
223,967

HFUR

64.0057
640630
64.1209
64,1790
64,2374

64.2959
64%4. 3546

64.4138

64.4737
64.5342

64,5952

64,6570

64,7192

64,7822

64,8456

64,9096

64,9742

65,0393
65,1050
65,1713

65,2383
65,3057

65,3738

65,4423
65,5115

65.5813
65.6515
65.7224
65,7933
65, RO4S



€984010°2
£€98L010°0
€98L010°D
€98L010°C
£E98L0TC° 0

£98L010°)
£98L010°0

£981010°0

£98L010°0
€E98LOT0°0

€38L010°0
£€98L010°0
_€98L010°D
€98L010°0
€98L010°D

€981010°0
€98L010°0
£€982010°0
€38L010°0
€98L010°0

€98L010°2
€982210°)
€98L010°0
€982010°0
€984010°0

€9RL0T0°D
£98L010°0
€9840710°0
€98L010°)D
€98L01C®D

NVLAS

28%5210°C
C6E6210°C
2015213°0
216821070
124B2Y0°0

5268210°0
9ee8210°C
Zy18210°0
6L 213°0
€sLLZ210°0

£ssL210°0
19€¢L210°C

 9TLZ10°C

£963212°0
69L49210°0

1L63210°0
2le9¢10°0
€L19210°0
€L66C12°0
€LLS210°D

€156210°0
elesZ10°0
2L15210°0
1L64210°)
JLLYZ1I*D

6965210°0
89e4%212°0
391%210°0
L96€<12°0
99L€Z10°0

NTHS A4

Sheled0°0 Ot

9514E2(°0 5¢
9969£2C°C .. 8¢ R
GLLFEZC®O Le
»359£20°C . 9 .
26£9¢2G°0 5¢ -
6619€2G° 0 Y2
§009¢¢0°0 €S __
11835€20°0 &4
9194£20°0 e
-0Zh5e20°C 0 o
$¥226€20°C 51
LZ0S€2C* 0 S - & S,
0EBY220°0 L1
2EIveed o 91 .
YEYREZ0®O 7 S~
SEZWE20°C 91 !
9E0%EZG°0 3 B
JEBEECZ OO 21
LEIEEZC°O S .
QL HeEEZC°0 ov
9€2tce0°0 5
GEQEE20°0 .8
YERZEZ0°0 L
€€92c20°0 ?
2¢H2€2C°0 5 .
2E22E20°C b
T€0Ze20°¢C E_
0cglezc 0 4
6291€20°C 1

HSA4 A¥v3INN]g



" BCUNDARY

iad

E

1
2
3

R s M
35

3

7

36

38
39

40

TNAK

1281.42
1281.55

© 1281.66

1281.8¢
1281.96

1282.09

1282.22

1282.3¢
1282.49
1282.63

1282.17¢

THG

1213.15
1217.872
1222.52
1227.20
1231.88

1226, 57
1241.25

1245.94

1250, 62
1255,31

1259.95

P

2660644
266.315
265,959
265,570
265.143

264,670
264,142
263,543
262.856
262,052

261,085

LENGTH

22.1114
22,3163

22.5375

22. 7776
23.0400

23,3291
23,6507

24.0126

24,4259
2429270

254810

CFLUX

5491.56
5088.58

4687.78

4289.29
3893,.38

3500.19
3110.03
2723.12
2339,93%
1960.82

{)

u

83,2157
82.8191

- 82.3974

81.9473
8l.4646

80.9439
80.3784%

"79.7585

719.0717
78.2998

0

DT NHG

65.9919
61.4421

56,8923
92.3420

47,7922

43,2622
38,6924

3401421

29.5925
25.0425

¢



J

%966 °99
1025 °99
9GH4 °99
211¢°99
$162°99

£%2¢°99
9151°99
£6LC°99
%L00°99
BOL6°G9

Hi 4H

0

169°11¢
886°¢1¢
16%°¢eld
T0%°%1¢
BlE°G1e

Zv¢t9t1e
gL1°11¢
111°81¢
965°61¢
800 °Cc<

YO3INNY

¢

2e65°9¢4
6825°96
1694°96
610%°9¢
C6EE°OCS

GlLc°9sS
C61d°9s
geEGCT1°946
1260°9%
61e(® 99

NITH

¢

sg8c°2yl
160°¢81
seg°ewl
619°%81
8C%°GR1

kAT A
9GL Lyl
tIg°L81
L29°881
Lyv°681

NITNNY

9]

L°HG69L5
¥° 490286
0°09L86
9°12eb56
1°688665

°2%%001
*2yJ107
*Le9101
*L 12201
AL YA

HS3Y

0

9ETYET
2099°L¢
GELE 1€
6%Z1°9¢
bZ236°0%

18LG° Y%
6028 °8%
L12C¢°eq
L0y LS
gLSY° 19

W11410

0

GT1L°€8
1b66°H8

0BE*GB
L160°93
8OYL° 98

Teec°lB
Iv68°L8

1Z1%°88

BlOB°E8
5%9¢°68

4

1
113
EE
43
153

AdvINNIY



0

€E%8L010°D
€981010°0
£€982010°0
€98L010°0
£E98L010°D

£984010°C
£98L010°0
€£€9810710°0
€38L010°0
€98L010°D

NVLAS

0

16€1€10°0
L91TE1D°0
Z860€10°0
96L0ET10°0
0190£10°0

$250€10°0
9E€ZIET0°0
8%GOET0°0
09686210°0
1,.96210°0

NTHSA 4

o
%126€20°0
0E06E20°C
SH3YEZ0°C
0998€20°C
Y143E20°0

L8Z8EZC°G
6608€20°C
Z15L6£20°G
€2LLEZO O
YESLEZO®0

HSAA4

AdV7INTJH



Livaes
N—wuoo
9¢899°1
76ee1°1
JZ661°1

$1§92°1
SoTEE" 1
9%L6e° 1

T LBE9Y T

260e6°1

19L66°T

6G4%99°7

goleL 1.

2€66L°1

61198° 1

18¥€6°1
£6200°2
¥01L0°2

cy6e1°2
QLL0e

1e91¢2°2
126%€°2
90v1Y°2

S1€85°2
§2266°2

85129°2
91169°2
05092°2

2e0eB 2
G100G6°2

ssia

1ecci*e
o8RG

Lis Ty ¢
gve9ce g
VAR S VR4

09098° 2
10010°¢
l6661°¢€
0€0T1€°E
g119%°¢

6G219°¢

0Y99L°¢€
05916°¢
60690 °Y
L1zez sy

69GLEY
oL625° Y
GEEB9 Y
68L€8°Y
89266 °Y

1LL91°G

22€0€°G

£266%°6

£€CG19°S
eLTLLG

L%826°6S
$4680°9

89292° 9

6e0C%° 9
11864°9

9visid

GEEHIH 0
BEE96Y° O
%96 826° 0
162096°0
292865°0

2eLG29°0
L9%869°0

90%169°0

121%¢L°0

~080L6L°0

£E8206L°0

984%¢28°0
689998°0

LE1C68°0

. %89€26°0

§Lcls6°0

€2L066°0
1%%20°1

GeB840° 1

6cc6e0° 1.

(X424 20 0

Q1091 °1
6061°1

12822°1
GLZ9Z 1

18962° 1
Cetee 1
ZLS9€° 1
STCOY°T
LSHEy 1

V1iiG

gy 9/l
10°9L21
£6°G6Lel
G qlZl
65°9LLT

11°%221
£9°elel
s1°eLel
ggcegeLel
61°¢171

L1821
I X AR Y YA
. .5L°0Lcl .

9z°0121
81°6921

62°6921
08°89271
. zees92l.

€8°19¢1
Y€ L1921

68°99¢21
9€°9921

Le°69¢21
88°%9c1

6L °%9¢1
68°€921
0%°€921
06°¢921
0% °¢2971

11

98°69¢1

6°9L21
J6°9L<1
93°9L ¢l
29°G6L21%
gi*aldl

vl 9l
62°%L21
s8°¢€Lel
0v°€L21
$56°2L21

0G6°2Lel
60 eLél
a9°1Ld1
ST 1121
0L°3L¢l

6Z°0L21
6L°6921
$€°6921
g8°8921
€4°8921

16°L921
25°1921
90° 1921
39°9921
$1°9971

89°59¢1
22°6921
9L°%921
DE° 9921
v3°€9¢1

Z1

90°6L21
Leegret
8y °8L2Z1
61°8221
6bB°iL21

09°1121
ve*LLet
10°4421
weoLzt
Iv°9L2n

21°9tet
z8* gLl

FAMTYEA!

sl
i6°%121

29°5121

2e°yLel
c0* il
eLeerel
ZyeeLan

AREPEA
égcetel
A REIRA
12°2L27
16°1L¢1

191221
1e°1L21
a0°1eet
GLeCLZ
ov°CLeT

tl

23°0821 5Iz6°12
BL°6L21 0zvL°12
66°6L21 124508 TN
ze° 6Ll €91v°12
60°6421 6992°12
9g°8LZl €5z1°12.
€9°8L21 1066°02
SJQ%°8LeY  §298°02
rieglzt FRLTRR Y
%6°L121 2€29°02
T2°LLen. o11s°0c
gyeLL2l »E0%° 02
6Z°LL21  000€E°02
261121 5002 °02
5109121 sv01°02
96°9L21 6110°02
te°9.21 6226° oﬁ‘mw
50°9Le1_ N 1 S
98°6/21 €25L°61
£9°6221 21L9°51
ov°6Let  $255°61
91°6.21 1916°61
€6*biZL  ETyvcel
YKLl 469€°61
9b b121 9662°61
£2°%121 £1€z°61
33°%Len L991°6T
IL€LZT  6650°61
£3°62021 99€0°6 1
deceLel 8v16°81
v1 H19N3HS



SFELENGTH CTTOTAL
18.5748 1C.BG2E
—19.0366 = 10,6335
19.6999 10.3¢€85
— . 19.1¢€47 10,1079
19,2213 9.84692
19.299¢ S.58667
—19.3698 = G.32666
19.4419 9. 06736
_. 19,5161 8.8CE€56
19.5625 B.55029
19.6712 8.,29272
19,7523 8.03564
19,8360 1.77ee1
— 1969225 7.5225%
o 20,0119 T.2675E
20.1C45 701294
. 20,2005 = 6.75854
20.3000 6.5C513
. 204034  6.25244
20.5110 6.00024
20,6232 5.748178
. 2C.7402 = 5.4982S
20. 8625 5.24878
. 209907 = 4.99951
z1.12572 4.715146
21.2669 4,50415%
214163 4.25781
215743 4.,01270
L _21.742C 3.76831
¢1.G205 3.52515



0
96221€°0
66%21L¢°0
0GEEEL°0

L1166%°0
. 621166°0

629619°0

- L19289°0

%609%L °0

$16608°0

€20%L8°0

$S10

o

1186020
GRZZHR D
$22086°0
ge6l1tiel
INELYAA!

LET0%°1
0LEYG* 1
92169°1
ot1r8°1
2€916°1

ovisia

G

1%6%61°C

9ZEY81°0
GSE412°0

€L8Y%2°0

Ge96172°0

1499GE ° 0
9H9LEE 0
19169¢°C
SE900%°0
€LEZEY* T

viig

U

L0°18¢1
29°0821

_41°0821

Zl 6Ll
92°6L71

og°gLel
HE°8LZT
881121
191021
$6°9221

14

0

£z°1821
18°0821
6€°0821
L6°6L21
$G°5121

11°6121
89°gLC1
GZ°8lel
18°LL21
Be LLdl

41

J

€5°1821
69°1821
L1€°1821
g0° 1821
08°C8Z1

16°08¢1
¢z 0821
v6° 6121
$9°6121
SEc6L2T

el

0

gz 2821
20°2821
08°1821

ge°18e1

9e* 1821

E1°1821
16°0821
39°0821
9%°0821
€2°0821

71

!:IW.I —_

[}
m

018y °se

9e10°%e .
L059°€2
TeZe%Ee
00%0°€¢
9LLL"2?
stestez

£91€°22
YTI11°22

H19NI THS



B [e0]
. R
m
0  ol8y*se
] 192L1°1 0L06°%e
LI56E°1T 652%° B2
o S €E64¢9°1 . 9¢10°%e
1€668°1 1059°¢2
£62606°2 16ceeec
Y9LZE T L 00%0°€e
35£95°2 9LLLeee
o ) sbeoste  &les’iZ

SLI%D e
10¢82°¢€

Ivi0L1Ld

£91e°22
pITL*22

4LINI HS



9

ind 1no

QG

005° ¢
0°C
020°0
200°1%
J00°91

900° 0¥
000°51
000°€1
u00° CLOoE
SE0°C

STISATTVNY

TH)L1d

WO3ST
378vLr
378v11
101730

INIX4
ddHT30
X0

X

NV

[N

000°1Y%
001°0
00C°C1
COU*E
Cs0°0

400!

2€0°C
ceog
000°9
000° 052

¢8c°o0
%0 °C
0L9°¢
320G 21
006G CclLtY

L U L}

H

i

o nu

Ix

0x
ONdO¥0
XNOJ
XiINTS

1INV
ddkH
ddW @
ddiid
07dld

HYNL
vil
14
THO
08N1

VivG LndN1i

2°%0
000°1
000°1
2°0
0°0

288 °)
0€0°0
000°¢
881°0
000°1

200°035%
000°6¢
010°0
01G°0
000°1

020°0821
200°0921
020026
000°29¢
000°00811

it

%

#

i

t

LIOANM
9
12

IS RIET
1¥vYa

13RX
AIEHL
X173Hd
4vad
d¥XNOJ

THYld

IND
ANOD
Hi01dd
Hi1d4da

1ant
09H L
T6H1
DEHd

HM

*0743009° XHAS+ddW  ¥3TTOY INIWNIVINOD 318N00 SS-V1 8-dVNS

JINVWYUIY 34 ANV NOTISIC 94377108

= AVAO0Ud ¥ILINdWOD 343008 8—~dVNS

80-92-80 31vd



c-2
c-3
C-L
C-5
c-6

CONTENTS

WETTED TWO-PHASE FLOW MODEL IN BARE TUBE

BASIC CORRELATIONS FOR WETTED TWO-PHASE FLOW MODEL
WETTED TWO-PHASE FLOW MODEL IN MPP (PLUG INSERT)
DROPLET-RIVULET TWO-PHASE FLOW REGIME IN HELICAL CHANNEL
STNGLE-PHASE HEAT TRANSFER TN HELICAL FLOW PASSAGE
HELIX FRICTION FACTOR

NOMENCLATURE

PAGE

c-1



C-1 WETTED TWO-PHASE FLOW MODEL IN BARE TUBE

Wetted two-phase flow model in a bare tube consists of gas (vapor)

core and annular liguid film ét the tube wall. Both the gas (vapor) core
and the annular liquid film are of concentric geometry. ILaminar and
turbulent flow patterns are postulated for the liquid film and gas (vapor)
core respectively. Such a model represents separated two-phase flow regime
in once through flow boilers when the working fluid wets the tube wall and
annular liquid film exists at the wall. Basic heat and momentum transfer
correlations for separated two-phase flow regime were developed for bare

tube model and then modified and applied to helical flow passage geometry.
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AEROJET-GENERAL CORPORATION

(. GEMERAL 4/ AZUSA. CALIFORNIA

QUADRILLE WORK SHEET :
PAGE £ "'/ or

PAGES

C -& DATE

susJecT__MHEL]Y E—EZCZIQN zzngES sy & LOMBARD  work oroer

THE FOLLOWING /5 A DERIVAT/ION OF THE THEO-
RETICRAL FRICTION FACTOR FOR FLUID FLrow /N A
HELIX FLOW PASSAGE. IN THE DERIVAT/ON NO AT-
TEMPET HAS BEEN MADE TO ESTALLISH A VELOSITY
PROFILE FOR THIS TYPE OF FLOW. THE END KRE-
SULT /S USED AS A MEANS 70 PREDICT THE
PRESSIRE DROP FOL FULL -SCALE MERCUEY FLow
/N THE SNAP-8 BO/IKER.

THE  PRESSURE DROP IN A SINGLE- FLUTED
HELIX FLOW PASSAQGE /S GIVEN By THE DARRCY-
WEISBACH EQUATION AS @

L L U
5 .Z.g_cf (1)

il

AR

WHERE ¥y = HELIX FRICTION FACTOR
/]

L, = FLOW PATH LENGTH
Dy = ! EQUIVALENT D/IAMETER
e =" FLOW VELOCITY

€ = FLUID DENSITY

3(_'-: GQRAVITY CONSTANT

SOLVING £&. (1) FOR fy:

'Fuzéf*‘ Dy %ﬂz__c (2.)
S' LH u.u

IT 15 POSTULATED THAT THE TOTAL PRESSURE
DRoP APy cAN BE WRITTEN o

AR = AR + &R (3)

c-22
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PAGE 8"2 OF

PAGES

DATE

susseer_[HELIX FRICTION FACTORS ov.G.LOMBARD  work oroer

WHERE AR /s 7HE AXIAL FLOW LOsS AND AP 1S

THE ROTATIONAL LOSS FOR THE FLU/ID FLOWIN g /N
THE R-8 PLANE.

FOR THE AX/AL COMPONENT

AR= fo ko Uy ¢ (4)
Da_ Za(_
WHE RE
fo= 316 [Re %S
Lo® DISTANCE BETWEEN PRESSURE TAPS
Da = AXIAL EQUIVALENT DIAMETER
Ue= FLOW VELOCITY

THE AXIAL GEOMETRY IS OBTAINED IN THE FOLLOWING
MANNER :

CONSTANT VALUES:

t

/ il t= .06 N.
/ Re= 099 N.
—> X Ry =.326 N

FrgoRre B-1

Cc-23
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QUADRILLE WORK SHEET

PAGE_&i OF PAGES
DATE
waJtCTMﬁﬂQLM ov_ Q. LOMBARD  work oroer
THEN
X= t/cosay, (5)

A= 1R: - TRy = X(Rr-Rg) 7HE FrREF Frow/ (o)
AX]AL AREA.
THE WETTrED PELIMETEL /S GIVEN BY !

Pi=2T Ry + 2w Rg + Z{RTF"?E) -2x (7)
THE EQUIVALENT DIAMETER /S :

Da_ = 4.0 (Aa./ Pa_) (8)

THE ROTATIONAL PRESSURE LOSS TERM AR /s
DEFINED BY THE ENERGY LOST /N OVERCOMING
SHEAE AT THE TUBE WALL [REF.I] , SUCH THAT

%;z AR = 2., Ay Uy 9)

JT /S ASSUMED THRAT THE FLOW N THE FRADIAL
DI/IRECTION /S zf’,eo) 9] ~2

'U'r_zo

ALSO U, = VELOCITY IN THE ©O-DIEETION
= TAN (¢ Uq
Tw= SHEAR STRESS AT THE TUBE WALL
Aw® AREA OF THE TUBE WALL
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PAG? 5‘4 oF

DATE
susJEcT &t&l! i 'BICZ [ON FACZOQ o G. LOMBARD

WORK ORDER

PAGES

THE SHERR STRESS AT THE TUBE WALL FOR 7uve-~
BULENT ROTATING FLOWS

/S EVALUATED /N TELHS OF
Vl, AS FOLLOWS.

THE VELOCITY AT THE WALL RE-
LATIVE TO SOME REFERENCE VYELOLITY IN

THE FLow

/IS given By kKwneY LREF. 2T 4s

Mo m"".:'.bb (10)

ra VD
AND Rt = h Vs (1)

2kKq

WHERE

ro =

REFERENCE PRADIAL POSITION

U, = o TANGENT/IAL VELOCITY
Fuw @ RADIVS OF THE WALL

Uw= TANGENT/AL WALL VELOCITY
U“. = /"

L}

SHEAR VELOC]TY
1/ Loge (12)
KY ,

Kq = CONSTANT = .028 (13)

BY SuBSTITUTING (13), (12) AND (1) inTo (10) AND
SOLVING FOR THE SHEAR STRESS RESULTS IN
THE FOLLOWING EXPRESSION FOR T,

Y= .0073 ¢ Vi

2 (14)

SUBSTITUTING THE EYPRESSIONS FOR Vw , TAN@, W
Aw AND (14) iNt0 (9) aiveES

AR = .0073(1‘;(_31-)3(112\9;) Lo %% e (5)
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PAGE B ‘,/.2 OF

PAGES

sussecr_AELIX [RICTION FACTOL = w G-LOMBAED  work oroer

7HE TERM ,TDt [Aa. | /N EQUATION (I5) CAN BE
REPRESENTED BY

e 42 (25)

Dg

THEN

AP. = .0292 (TTDT> (g:+§e) ha ua Y (Ie)

SUBSTITUTING (1) AND (4) /nTo (3), THE HELIX FLOW

PRESSURE DROP IS

‘F La__mg + OZQZ(WDr)(DT t)Lo. ua§ (i'i)

Da_ 23‘ Dr+D8 Da. 3(‘.

PLACING THE ABOVE EXPEESSION rFor OBy N (2)

GIVES

. . Lo. 0-:Z
{ <1, %& t‘:(ﬁn) +.0292| err) (D#DB)D&LH(%H)ZO

HOWEVE R
La )
Z, * COS™ pqg (ﬁa
AND SINCE W, = ghaUa™ wy, = eA, Uy, THEN

Up . A
i (19)

c-26
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DATE
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AND /?Ea" Fq, Au Da

D
THEN cre
£« 36 =/31L \/A (____)
" RS (Ra*f ) Ai) (20)

]

SUBSTITUTING (/8), (/‘i) AND (20) INTO THE £QuUA-

TION For 4!
o T T B+ o)

Re, N Aal \ba Dr +Dg
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REFEpPENCE [l]: SMITHBERG, €. , LANDIS, F., ' FRICTILCM AND

" FORCED CONVECTION  NEAT-TRANSFEL CHAEAC -
TERISTILS /N TUBES WITH TWSTED TNAE
SWIRL GENELARTCRS. TRANS . ASME SERIES C
JOVENAL OF HERAT rBANSFER , FEBFUAEY
19649 pP 39- 49.

1l

Rererence [2] 1 KINNEY,R.B. | “ INWERSAL VveLoeiTY SIMILAEITY
| IN FULLY TURBZLENT ROTATING Fiow <"
TRANS. ASHE SERIES E |, VOL 34, JOURNAL
OF APPLIED MECHANKS JUNE 1967, pp
437~ 442.
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NOMENCLATURE

.

ALIN - Linear flow crossection area

Dl -  Tube ID |

Det ~  Equivalent diameter, tangential

Del - Equivalent diameter, linear

d - Channel width in plug insert

g, - Gravitational constant

hfv - Vaporization heat

h Forced convection heat transfer coefficient
forced

hfree - Free convection heat transfer coefficient

hHg - Mercury side heat transfer coefficient

hSH ) - Vapor heat transfer coefficient

kf - Thermal conductivity, liquid mercury

kv - Thermal conductivity, vapor mercury

Nl ' - Number of tubes in boiler

N2 -  Number of flow passages in plug insert

Nu - Nusselt modulus

Nul - Nusselt modulus, linear

n - Initial droplet population per diameter length

n - Local droplet population per diameter length

ie) - Pitch, pressure

Pr - Prandtl modulus

R - Thermal resistance between bulk NaK and mercury tube ID

r, - Tube ID radius

ry -  Liquid-vapor interface radius in divided two-phase flow model

r, -  Radius (Figure C-2)

r - Radius

c-29



=

=

TOT

] o 5 |

int

étu.be

Velocity, mean

Vapor tangential velocity
Mean velocity

Liquid phase flow rate
Vapor phase flow rate
Total flow rate

Mean vapor quality
Initial vapor quality
Mean moilsture content

Helical angle, @ = tan‘l(ﬂD/p)

Angle, volumetric expansion

Liquid-vapor interface frictional pressure drop coefficient
in divided two-phase flow regime

Frictional pressure drop coefficient at tube wall
Dynamic viscosity, liquid

Dyrnemiz viaonsity, vapor

Density, liquid
Density, vapor

Two-phase pressure drop factor

Shear stress

C~30





