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I ABSTRACT 

The mzthod of t h e  thermal  design a n a l y s i s  u s ing  a  computer program coded 

'in FORTRAN IV and t h e  s t r u c t u r e  of t h e  computer code i s  descr ibed  f o r  a counter-  

f low "once through" type  HaK-to-Hg b o i l e r .  The hea t  and momentm t r a n s f e r  

c o r r e l a t i o n s  i n  t h i s  code a r e  those  e s t a b l i s h e d  from t h e  we t t i ng  and non-wetting 

two-phase f low models i n  h e l i c a l  f low passage. 
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I. INTRODUCTION 

The BODEPE computer program is  intended f o r  the  SNAP-8 boi le r  heat 

and momentum t ransfe r  analysis.  The ana ly t ica l  corre la t ions  are  based 

on wetting and non-wetting two-phase flow models postulated i n  the  d i f fe ren t  

vapor qual i ty  regions of the  bo i l e r .  Conventional single-phake heat t rans fe r  

corre la t ions  were u t i l i z e d  f o r  the  analysis of the preheat section.  The heat 

t rans fe r  i n  the  superheat sect ion was considered i n  the  l i g h t  of a he l i ca l  

flow regime. The l a t t e r  involves the  determination of forced and f r ee  con- 

vection heat t rans fe r  e f f ec t s  on the working f l u id .  The make-up of the code 

permits it t o  calculate  the  minimum plug in se r t  and t o t a l  bo i le r  length 

requirements a t  any bo i l e r  design specif icat ion.  The code a lso permits the  

evaluation of the  bo i l e r  performance charac te r i s t i cs  a t  many off-design 

operating conditions. The r e su l t s  of the  calculations are  provided i n  

tabular  form showing the nodal boundary s t a t e  conditions of the  working 

f l u id s  and the  l oca l  heat and momentum t ransfe r  parameters. 

11. METHOD OF ANALYSIS 

The basic  method of the  analysis is  t o  subdivide the  bo i le r  length 

in to  a s e r i e s  of s m a l l  nodal increments and t o  wri te  the  coupling hnat 

and momentum transfer  corre la t ions  f o r  each length element. The bo i le r  

preheat and superheat sections are  subdivided by taking equal increments 

of the  mercury temperature r i s e .  Similarly, the vapor qua l i ty  region i s  

subdivided by taking equal increments of the  vapor qual i ty .  The solut ion 

of the  caupling equations i n  each node provides the  l o c a l  thermal and 

dynamic operating parameters, n ~ d e  length and node boundary s t a t e  conditions, 

The l a t t e r  serve as  input values f o r  t h e  following node calculations.  

111. DESCRIPTION OF THE PROGRAM 

BODEPE i s  wri t ten i n  m3dular form with a main program acting as a 

ca l l ing  program f o r  a s e r i e s  of subroutines which perform various segments 

of the calculations.  The flow chart  of the  program is  shown i n  Figure 1. 

The flow char ts  of the  various subroutines of t h i s  program are  shown i n  

f igure  2 throug:n 9. There are  eight subroutines t i e d  d i r ec t l y  in to  the 



mzin program. The subroutine ident i f icat ions  and t h e i r  functions are 

as follows : 

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

and t en  (LO) data  cards and checks f o r  t h e i r  proper sequence 

i n  each da ta  card s e t .  I n  case of imprbper card order,  

the  da ta  compilation i s  discontinued and the  e r ror  

iden t i f i ed  by appropriate print-out statement p r io r  

t o  re turn t o  the main program. The success o r  f a i l u r e  

of input data read-in operation is  transmitted t o  the 

main program by J O J O = l  o r  2, respectively.  The input 

card l i s t i n g  i s  provided i n  Table 1. The flow chart  

is shown i n  Figure 2. 

POWBAL - Calculates the  thermal power requirements and the  NaK 

flow r a t e  o r  e x i t  temperature. As shown i n  Figure 3, 

the  flow pass i n  t h i s  subroutine depends on input values 

provided f o r  the NaK e x i t  temperature (TNBO) and the t o t a l  

N a K  flow r a t e  (WNTOTT) . There are  two poss ib i l i t i e s :  

(a)  TNBO # 0, WNTOTT = 0, and (b) TNBO = 0, WNTOTT f 0. 
Case (a)  determine the  t o t a l  N a K  flow r a t e ,  WNTOT, using 

TNBO as argument. Case (b) determines the  bo i le r  NaK 

e x i t  temperature, TNBO, using WNTOT as argument. The 

zero input values of TNBO and WNTOTT are forcing the 

calculations ' through the  prescribed flow passes. 

CONSTS - As shown i n  Figure 4, t h i s  subroutine calculates  the 

thermal pass res is tances  and the  thermal and geomstric 

constants f o r  three  d i f fe ren t  mercury flow passage 

containment configurations and three  d i f fe ren t  mercury 

flow passage i n t e rna l  geometries. The flow passages 

considered i n  t h i s  code are: s ingle  metal tubes, 

bimetal tubes and double containment tubes with stagnant 

liquid-metal layer  separating the  outer and the  inner 

tube. The in t e rna l  geometries are  iden t i f i ed  by IGEOM 



number. IGEOM = 1 re fe r s  t o  multipassage plug inser t  

(MPP) and s ingle  f lu ted  he l ix  (SFHX) geometries placed 

i n  the  mercury tube. Two (2) d i f fe ren t  s ing le  f l u t ed  

helixes,  SFHXI and SFHX, a re  employed when IGEOM = 2.  

The program also can u t i l i z e  a s ingle  mercury tube 

i n t e rna l  geometry, e.g.,  SFHX, throughout the  bo i le r  

length,in such a case IGEOM = 3. The s w i r l  wire 

turbulator  geometry is  iden t i f i ed  with SFHX when the  

center bar diameter i s  reduced t o  zero (DBAR = 0)  and 

the  he l i ca l  s t r i p  thickness (THICK) reduced t o  a 

negligible value. 

- Refers t o  bo i le r  preheat section analysis ( ~ i g u r e  5 ) .  

The input data  are provided from the preceeding sub- 

routines v i a  a s e r i e s  of common statements. The 

calculation i s  i n i t i a t e d  with the trial values fo r  

the  bo i le r  i n l e t  pressure and the preheat section 

pressure drop. The determination of the l a t t e r  

involves the i t e r a t i on  procedure i n  t h i s  subroutine. 

The determination of the  former involves the  i t e r a t i on  

procedure extending through a portion of the main 

program. When the r ad i a l  and ax i a l  temperature 

d i s t r ibu t ion  of composite wall  heat t rans fe r  pass 

i s  not of i n t e r e s t ,  t h i s  portion of the calculation 

can be omitted by s e t t i ng  the input value of JTABLE = 0. 

The f a i l u r e  of the  i t e r a t i on  process t o  meet the 

convergence c r i t e r i on  i s  recorded by an appropriate 

e r ror  message and the  program is  returned t o  BODEPE 

with NOGO = 1. This f l a g  notation terminates the 

calculat ion and causes the  main program t o  use the  

next input da ta  s e t .  I n  case of sa t i s fac tory  convergence 

t e s t ,  t h i s  subroutine i den t i f i e s  the geometry of the  case 

and assigns appropriate f l a g  value (NOGO = 2 or 3) t o  be 

u t i l i z e d  i n  the  main program. 



MPPXP(IOIO) - Is u t i l i zed  t o  calculate the l oca l  boi l ing heat and 

momentum transfer  parameters i n  the plug inser t  vapor 

qual i ty  region (XP) next t o  liquid-vapor interface,  

Both the multipassage plug i c se r t  ( ! . ~ 2 )  geometry o r  ;::e 

s ingle-f luted hel ix  (SFHXI) geometry can be used i n  t h i s  

subroutine. Depending on an arb i t ra ry  input value 

provided (DELMPP) , t h i s  subroutine calculates  the  plug 

in se r t  vapor e x i t  qual i ty  (X(IMAX) ) when DELMPP # 0. 

These conditions r e f e r  t o  bo i le r  design and performaulce 

analysis respectively. The calculations of t h i s  su-broutir-e 

are  completed with one of the possible three 1010 f l a g  

values. Flag value 1010 = 1 indicates t h a t  the  calculated 

pressure (PXP) l eve l  is acceptable and the main program 

w i l l  c a l l  i n  action the next subroutine (SFHXX). Flag 

value of 1010 = 2 requires the  correction of the t r i a l  

value of the bo i le r  i n l e t  pressure. Consequently, the 

main program transmits the  calculation back t o  subroutine 

MPPPH. 1010 = 3 says tha t  allowable i t e r a t i on  passes have 

been reached and the calculation of the  current case i s  

terminated by the main program. 

This subroutine also uses a root f inding subrou.tine 

t o  f i n d  the  roots  of nonlinear equations. The subroutine, 

cal led ROOT, uses function programs RPROOT or  XPRGOT t o  

calculate  the  non-dimensional l iqu id  f i lm thickness a t  

the tube w a l l .  

Contains the heat and momentum t ransfer  correlations 

applicable t o  the geometry of a single-fluted hel ix  or 

SFIIXX - 

s w i r l  wire turbulator i n  the  vapor qual i ty  region up t o  

x = 100%. The loca l  wetting and non-wetting heat and 

xn~mentum t ransfer  parameters and node boundary s t a t e  

conditions are  calculated on the basis  of nodal vapor 

qua l i ty  incrementation. The program also u t i l i z e s  the  

subroutine R03T i n  conjunct ion with the function programs 

ROROOT AND TFROOT. The former defines the non-dimensional 

l i qu id  f i lm thickness a t  the  tube wall. The l a t t e r  defines 

the  temperature drop across the  mercury f i lm i n  droplet- 

r i vu l e t  two-flow regime. Once the 10% vapor qual i ty  point 

is  reached, the  calculation is terminated and the program 

returned t o  BODEPE. 

& 



SFH?ISH(NONO) - Calculates the  superheat sec t  ion length, es tabl ishes  

the  l o c a l  heat and momentum t rans fe r  parameters and nodal 

boundary s t a t e  conditions of the  working f lu ids .  I n  case 

of the  bo i l e r  design calculations,  the  i c p ~ t  value of  

DELTOT = 0.0 and t he  t o t a l  bo i le r  length (ALSH(IX)) i s  

calculated.  I n  case of t he  bo i le r  performance evaluatior,, 

the  input value of DIGTOT represents the  avai lable  t o t a l  

bo i l e r  length. The calculated bo i l e r  e x i t  pressure (PEXIT) 

i s  t e s t ed  against  the  prescribed input value of PHBO, 

Nonconvergence i s  iden t i f i ed  by NONO = 1 and the  ca l l i ng  

program i n i t i a t e s  another i t e r a t i v e  pass. I n  case of 

convergence t he  program completes the  closing calculations 

and provides the  f l a g  notation NONO = 2 f o r  the  main 

program. This subroutine a lso  u t i l i z e s  t he  subroutine 

ROOT i n  conjunction with the  function program SHROOT, 

which defines t he  temperature drop between t he  tube 

OUTPUT - 
wall  and t h e  bulk mercury vapor. 

This subroutine has t he  capacity t o  p r i n t  out the results 

i n  several  forms. Only the  input data  t ab l e  and a single- 

page summary pr intout  of t he  r e s u l t s  is  provided when ITABLE 

i s  s e t  t o  zero. The s e t t i n g  of ITABLE = 1 and JTABLE = 1 

r e s u l t s  i n  complete pr intout  of the  r e su l t s .  When JTABLE = 9, 

t he  calcula t ion and pr  int-out t ab les  of t he  composite wall 

temperature p ro f i l e s  is omitted. The flow diagram of t h i s  

segment of the  program i s  shown i n  Figure 9. 
Complete l i s t i n g  of the  program i s  provided i n  Appendix A. 

I V .  NaK and Hg PROPERTIES ---- ---- 
The N a K  and mercury t ranspor t  proper t ies  a re  entered in to  calcula t ing 

subroutines by ca l l i ng  t he  required f l u i d  property subroutine. Each such a 

subroutine contains tabular  data  covering t he  property of i n t e r e s t .  The 

dependent var iable  of i n t e r e s t  is  in terpola ted from the  t ab les  using sub- 

routine I N T ~  and the  independent variable.  

INPUT DATA. v* ----- 
The input data  card format is  given i n  Table 1. The f i r s t  card i n  

each input data  s e t  must be the  t i t l e  card marked "001." The t i t l e  card 

i.s followed by t e n  (10) input da ta  cards marked "102 - 110" i n  ascending 

order. The l a s t  card is  marked "0" i n  format 13. It terminates the  

program when no more input da ta  are  provided. 



VI . PROGRAM LIMITATIONS_ 

The use of t h i s  program i s  l imi ted  t o  "once through'' type NaK-to-Hg 

I-)oil.ers of counterflow configuration. The program can be used f o r  other 

f l u i d  combinations providing t h e i r  t r anspor t  proper t ies  a re  made avai lable  

i n  the  form of funct ion subroutines.  Only h e l i c a l  flow passage geometries 

can be u t i l i z e d  f o r  t h e  b o i l i n g  f l u i d .  The program accepts both a s ing le  

h e l i x  o r  two d i f f e r e n t  he l ixes  placed i n  s e r i e s  i n  the  b o i l i n g  f l u i d  tube. 

The s e r i e s  placement of t h e  he l ixes  l i m i t s  t h e  f i r s t  h e l i x  (plug i n s e r t )  

vapor e x i t  q u a l i t y  ca lcu la t ion  up t o  t h e  point  of wetted b o i l i n g  termination. 

Because the drywall b o i l i n g  heat  and momentum t r a n s f e r  co r re la t ions  are  not 

provided i n  subroutine MPPXP, t h e  ca lcu l s t ion  i n  t h i s  subroutine i s  l imi ted  

by (X(IX) s XWET. 

V I I  . PRINCIPAL DESIGN CORRELATIONS 

The determination of the  preheat  sec t ion  length  and i ts  heat  t r a n s f e r  

~mrameters  i s  based on Dwyerk (I) cor re la t ion :  

'I'hc fleal; and momentum t r a n s f e r  co r re la t ions  i n  t h e  vapor q u a l i t y  region 

a re  f;kiose derived from the  wett ing and non-wetting, two-phase flow models. 
( 2 , 3 >  

The e a r l y  vapor q u a l i t y  region containment i n  t h e  MPP o r  SFHXI is  t r ea ted  

as  wetted b o i l i n g  region with laminar annular l iqu id - f i lm a t  t h e  tube wall 

and turbulent  vapor core. When expressed i n  non-dimensional form, the  

l i q u i d  f i l m  thickness i s  

I n  case of MPP, the  non-dimensional f i l m  thickness p i s  the  root  of the  

following non-linear equation: 



where 

Knowing. t h e  1 nterzace radius  ( r  ) , t h e  two-phase pressure drop 
f a c t o r  1s de t  1 

P = 

The corresponding cor re la t ions  f o r  the  geometry of SFKX are :  

The der ivat ion of Equations (XI - 2) t o  (VII - 6) i s  provided i n  

Appendix C .  



' 1 ' 11~  heat t r ans fe r  i n  wetted boi l ing region is  calculated f w m  

N u - C ( ; y  (VII-'i) 

wherVc c and a, is a bo i l i ng  mode constand and l i q u i d  film thickness respectively.  

J!'or drywall bo i l ing  a r  d rop le t - r ivu le t  flow regime, the  Nusselt modulus i s  

' i 'hc s o l u t i o n  f o r  the  temperature drop across the  bo i l ing  f l u i d  f i lm 

i c obtained from 

where 

R1 1 R1 R4 - R 
R = - -  R 4 $ ' ~ * + ~  R1 k+- R3 - R2 "1 k R2 - R1 (VII-14) 

M23 'ST R 1 ~ 2  Ta 



The  two-phase flow pressure drop fac tor  i n  drywall boi l ing regime i s  

determiced from Marlinelli-Nelson cor re la t ion  G g t t  - f G )  p lo t ted  i n  

Figure 10 where 

The general form of two-phase flow pressure drop corre la t ion i s :  

The heat t r ans f e r  i n  vapor superheat sect ion is  determined from the  

following corre la t ions  : 

h = h  
SEI forced + hfree  

12kv ,l/3 
- - -  - 

2 / 3  1/3 
11 
f r e e  NuA (7.1) - Dei r a T ~  

(VII-17) 
Det s13 .07 

Rel 
Pr 

Tile determination of AT requires  the  solut ion of the  following corre la t ion 
F 

R-h 
forced + 1  AT^^.^^^ + R - F  ATF - = 

where 



The h e l i c a l  f r i c t i o n a l  pressure drop coeff ic ient  f o r  "vapor flow 

or1J.y" i s  determined from 

1.75 1.25 
cos (Y 5 z M 

D + DB T a 

The der ivat ion of the  Eq. VII-21 i s  provided i n  Appendix C ,  Section C-6, 

S I - M  i s  defined by: 

DT - tube I D  

D~ 
- center bar diameter 

t - h e l i c a l  s t r i p  thickness 

p - p i t ch  of SFHX 

The geometric parameters are:  

- - -  D~ 
R~ 2 

- tube radius 

D~ 
= 2 - bar radius 

w t  = - constant 
P 

'orth T - orthogonal p i t ch ,  tube I D  

= 
Porth B - orthogonal p i t ch ,  bar  diameter 

- 
'T - -,/ 

R~ - t - wetted perimeter port ion on tube ID 
1 + (R, q2 

45 = - -  
B t - wettedperimeter port ion o n b a r  d i a .  

- i5 c i rcu la r  projection angle, radians 
B 



8 = m 
2 

- c i rcu la r  project ion angle, 
1 + (RT m') rgdians 

2 @B - B T  
1/2 

- 2 R A  COS (-T 

- wetted perimeter gor t ion on 
h e l i c a l  s t r i p  

- t o t a l  wetted perimeter of h e l i c a l  
flow crossection 

Pk RATIOA = - 
*a 

- h e l i c a l  flow crossection area 

- equivalent diameter, h e l i c a l  

- l i nea r  crossection 

- l i nea r  equivalent diameter 

D e ~  
RATIOD = - 

Dee 



VIII . SAMPLE PROBLEM 

To demonstrate the use of the BODEPE computer program f o r  a bo i le r  

design evaluation a sample problem i s  specified on 80 column input sheet 

as shown i n  Table 2. The nomenclature of the  input sheet values i s  provided 

in  Table 1. The problem involves the  determination of the bo i l e r  operating 

l oca l  heat and momentum t ransfe r  parameters and the  establishment of the  

bo i le r  tube length a t  prescribed secondary f l u i d  ( ~ g )  flow r a t e ,  i n l e t  and 

e x i t  temperature and e x i t  pressure. The primary f l u i d  is  NaK and i t s  i n l e t  

temperature i s  defined. The design specif icat ion a lso defines the geometry 

of' the Hg flow passage and the  thermal pass and i t s  materials .  The BODEPE 

re su l t s  of t h i s  problem are  provided i n  Appendix B. They are: 

OUTPUT 1 - i s  t he  summary tabulat ion of the  r e s u l t s  of the  bo i le r  

design and performance analysis,  

OUTPUT 2 - preheat section,  nodal tabulation of l oca l  heat and 

momentum t ransfe r  parameters, 

OUTPUT 3 - vapor low qua l i ty  region i n  plug in se r t  section,  nodal 

tabulat ion of l o c a l  heat  and momentum t ransfe r  parameters, 

OUTPUT 4 - vapor qua l i ty  section,  nodal tabulation of heat and momentum 

t ransfe r  parameters up t o  x = lo%, 
OUTPUT 5 - vapor superheat section,  nodal tabulat ion of heat and 

momentum t ransfe r  parameters, 

OUTPUT 6 - print-out of input data.  



Constant 

Tube I D  

Equivalent diameter 

Equivalent diameter, h e l i c a l  

Equivalent diameter, l i nea r  

Equivalent diameter, tangent ia l  

Gravitat ional constant 

Vaporization heat  

Heat t rans fe r  coef f ic ien t ,  forced convection 

Heat t rans fe r  coeff ic ient ,  f ree  convection 

Heat t rans fe r  coef f ic ien t ,  vapor superheat region 

Number of tubes 

Number of flaw passages i n  plug in se r t  

Nusselt modulus 

Nusselt modulus, forced convection 

Nusselt modulus, l i nea r  

In i t i a l .  droplet  population 

Local droplet  population 

Pitch,  pressure 

Frandtl  modulus 

Thermal res is tance between bulk NaK and mercury tube I D  

Reynolds modulus, l i n e a r  flow 

Radius 

Radius, tube I D  

Liquid-vapor in te r face  radius i n  divided two phase f l a w  model 

Radius (See Appendix C ,  Figure ~ 1 3 - 2 )  

Velocity, tangent ia l  



- Flow ra t e ,  t o t a l  

- Vapor quality, mean 

- I n i t i a l  vapor quality 

- Moisture content 

- Lengths incriment 

- Pressure drop, two phase 

- Temperature drop, mercury fi lm 

- Pressure gradient, two phase 

'tube 
- 

Pressure gradient, gas phase only 

Angle, volumetric expansion 

Liquid-vapor interface f r i c t iona l  pressure drop coefficient,  
divided two phase flow 

Frict ional  pressure drop coefficient,  tube w a l l  

Dynamic viscosity,  l iquid 

Dynamic viscosity,  vapor 

See Appendix C ,  Figure C-.3-2 

Density, l iquid 

Density, vapor 

Two phase pressure drop factor 
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FLOW CHART - BOilw OEdm nd PE.(- ndnh 

START 52 

+--/ ERROR 

POWBAL c2 

MESSAGE 
ITER - 1 

SFHXSH - 
<-> OUTPUT 



FLOWCHART - SUBROUTINE READ IX)X)I 

NOMENCLATURE: 

I CARD - 0 Lat  cud In lwt M a  deck 
I CARD - 1  Flnt d d  l q u l  &u n, mmmnl 

I CARD- 101-110 TmM.Slrd.d hpwtM. rn1  



FLOW CHART - SUBROUTINE POWBAL 

CALCULATE 
THERMAL POWER 

REOUIREMENT 

I YES 

CALCULATE 
WNNET, WNTOT 

CALCULATE 
WNNET. TNBO 

i. 
Figure 3 



FLOW CHART - SUBROUTINE CONST6 

COMPOSITE TUBE 
WALL RADII I cALcuYTE I 

NO 

CALCULATE 
SINGLE METAL 

TUBE RADII CONTAINMENT 
TUBE RADII TUBE RAOll 

CALCULATE 

GEOMETRY 

IGEOM - 1 * 
WITHSFHX GEOMETRY GEOMETRY 





1 
MPP GCOMETRV 

SET XP SECTION 
tN1.f T BOUNOARV 

1 CONDITIONS 1 

CALCULATE 
LOCAL HEAT 
TRANSFER 

PARAMETERS 

PARAMETERS 

L-r] 

J TABLE - 0 0-l * * 
CALCULATE . i 

AXIAL TUW 
J WALL T E M .  " ', 

PROFILES 

F d 

1 
8 .  

I .  





BODE= SFHXX 

IGEOM - 3 01 



FLOWCHART - SUBROUTINE SFHXsH 

SFHXSH (YXT) 

YES - 

CALCULATE 
ESHL & 
DPESH 

ESHL - 0 
WESH - 0 

YES ., - 







TABU I 

INPUT DATA NOMENCLATURE FOR BODEm CODE 

T i t l e  Card: 

Col. 1 - 3: 
COX. 4 - 80: 

Date Cards: 

Card "101" : 

Card "102": 

Card "103" : 

Card " 104" : 

Card "105" : 

Date and analysis iden t i f i ca t ion  comment 

FORMAT 13, gX, 5F12.0, 

WH - Mercury flow r a t e ,  lb/hr,  

PHBO - Mercury e x i t  pressure,  ps ia ,  

THBI - Mercury i n l e t  temperature, O F ,  

THBO - Mercury e x i t  temperature, O F ,  

TNBI - NaK i n l e t  temperature, O F ,  

TNBO - NaK e x i t  temperature, OF 

&HL - External heat  l o s s ,  KW, 

D l  - Mercury tube I D ,  in . ,  

TTA - Tantalum tube w a l l  thickness, i n ,  , 
TNAK - Stagnant NaK thickness, in., 

TSS - Stainless  s t e e l  tube w a l l  thickness, i n . ,  

HNF - NaK side f i lm coeff ic ient ,  ~ / h r  - ft2 - O 7  - 3 

AKNT - Stagnant NaK containment tube (ss), 
thermal conductivity, ~ / h r  - f t  - OF, 

AKEC - Mercury tube ( ~ a )  thermal conductivity, 
~ / h r  - f t  - OF, 

DPHITR - Preheat sect ion pressure drop, high t r i a l ,  
psi9 

DFIXER - Preheat sect ion pressure drop, Em trial, 
p s i  

CONV - Convergence value, p s i ,  

C NT - Iteration count 

PTRHI - Mercury i n l e t  pressure, trial, high,psia, 

PTRLO - Mercury i n l e t  pressure, trial, low, 
ps ia ,  

PMPP - Pitch,  multipassage plug, i n se r t ,  in. ,  

DMPP - Multipassage plug i n s e r t  channel width, 
i n . ,  

HMPP - Multipassage plug i n s e r t  channel 
height,  in., 

AN1 - Number of mercury tubes, 



Card "106": 

Card " lO9" :  

Card " 110" : 

DEAR 

PHEm 

THICK 

XWET 

FORMAT 13, 

DELTOT 

ITABLE 

JTABiX 

IGEOM 

FORMAT 13, 
DBARl 

- Number of f l o w  passages i n  multipassage 
plug inser t ,  

- Number of nodal boundaries i n  preheat 
section,  

- Vapor qual i ty  increment, 

- Multipassage plug in se r t  length,  f t . ,  

- Liquid-vapor in terface f r i c t i o n a l  
pressure drop coeff ic ient  fo r  divided 
two-phase flow i n  plug i n s e r t  section,  

- Constant defining the heat  t rans fe r  
mode for  wetting two-phase flow model 
i n  plug i n s e r t  section,  

- Center bax d i a  of SFHX, in . ,  

- Pitch of SFHX, 

- S t r i p  thickness of SFHX, 

- Vapor qua l i ty  at wetted boi l ing termina- 
t i o n  point ,  

- Liquid-vapor Pnterf ace f r i c t i o n a l  
pressure drop coeff ic ient  f o r  divided 
two-phase flow i n  SFHX, 

- Constant defining the heat  t rans fe r  mode 
f o r  wett ing two-phase flow model i n  SFHX, 

- I n i t i a l  droplet  population per un i t  dia. 
length,  

- I n i t i a l  vapor qual i ty  i n  droplet - r ivulet  
two-phase flow regime, 

- Number of nodal boundaries i n  superheat 
section,  

- Total  bo i le r  length, f t . ,  

- Table printout control ,  

- Table pr intout  control ,  

- Mercury tube i n t e rna l  geometry i den t i f i -  
cation,  

- Pitch of s ingle  passage mercury i n l e t  
end hel ix ,  in .  

- Center bar diameter of mercury i n l e t  end 
hel ix ,  in . ,  

- Helical  s t r i p  thickness of mercury i n l e t  
end he l ix ,  in . ,  

- Constant i n  MPP or SFHXl pressure drop 
correla t ion,  



- Constant i n  he l i ca l  flow passage, SFHX, pressure 
drop correla t ion,  

WNTOTT - Total NaK flaw r a t e ,  lbmlhr 





APPENDIX A 

LISTING OF BODEP% CODE 
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û  a 
4 - 

o 3t 
m a  
4- N . +  
(V 
\ 
a 
+ nL 
w 0 
m Z 
9 a - CL 
N 36 
-:+ a 
4; i- 
O W  
d 0.3 
0 
cf 3t 
I - 
N 3 ++ - 
3; X  

ia c CI 6 S T 3 3  A X  
m m  m m m m m  4 x > ri LCL-r x 

o o a e e r  Ln 36 - a tn a + x +  Z IA 
m m  m m m m n  a I y a - ~  x - saxe e. - 
4 4  '4ddF4,+ - ar:> 0 1 - a *  - 2 >  LL \gxar: > 2- 
'ALL L L L L L L L U -  ar: a >  rub-* CY z>. x -9 36 3+ 

C C  L C C C C  
X >- 

o x >- a m w - V )  Q a >- u C Z ' O N  v, - I.)> 
ti ii 11 I I  II I I  II z c  L L L  a x - m c u r  A 6 - k  Z >  e E Z O  I u X C ~ L  

a a-cl - u ? t + t - ~  n L L - ~  + ~ . - ~ I - L L %  -I o a - u  
I-I 1- a k 4 - i  - x o + j t \  Q  QI-IZ \ X I  o u -  \ X -4 -2  

1/1 I- - L U L ~ I - - ~ ; ! - - J O L  - - X m C - C F 2 N d Q - 7  - L L ~ L -  
I - + y  3 0- CYI:O I- s - x 2 - m o  v, I- 3 - X a L L n S 4 t  93;-  I -m  I- X - X  

3 U  4I-l -- C- a x 3 I 0 Z X  CCt- iQ-%- . >  M I  C 3 X  * 
- 3  ~ L I ~ ~ N I Z  a z x z * z W - 9 & ~  o Q X Z X ~ ^ \ ~ T - I >  a a  o z x z  
- - X  n i - - O O x  -- - o( M X Z ~ > - \ C P O I  g \ x z n ~ ~ o - - t ~ ~ a r  CL 4 x 2 -  -- : :TI IT  a cr . - a r m m x m  a a -a ~ a z x - - ? t o  I v, o A -d 
x a m a a a  x n \ . - - - > + ? ~ n x  x x \ - - - - ~ x ~ x ~ - N E Y I  3~ o w - C )  
n o *  + ( L C - ,  I - IW 3~ 36 J-CL -I O > d W 9  3 Q X d - S Q V J  I > d X  

x x  x x x x x  z m o ( x i i ~ m  0 - t - 1  u - z m o ( x t n a  o ~ z - ; ; c ? , . ~ ~  a w -  
-7 :+ - r&L 

Z'J)Y-X A-' 
(X: (x! ~ X ' - . \ - ~ W N  e a 8 1  o x \ \ - a * a  II t n m - \ r  II C?~ ' . - - - . - -v i  

- 4 -  M J Z Z ~ I I  N ) ~ c ~ . - I ~ z  H - - I Z Z ~ I )  II I I O  a 1 1 1  * O I - z  u ~ z z c f m  
W. e * * C - C X  i- O C ) X I Z - I + ~ ~ ~ - - O C  i- 0 0 X X O O I > I I Y w ' 4 . - I O 0  I- D G X 4  * Z C 3  3 O J T T I - 0  11 0b?11 0 3  O J Z E + O Z E d + O X  II 1 1 0 2  V d % E b  11 

~ I ~ ~ X X I T I - O L Q : E : : E C I . ~ ~ ~  ~ v ) o L ~ O Z Q Z E O Z U + I - ~ L ~ J X ~ V ) C Y ~ - - D Z ~ E Z ~ ~  
A - ~ G G ~ F L - I ~ " - ( F ~ ~ I J . . I Z ~ U G S ~  a 5 : 0 + 1 a w ~ 3 l u o ~  a ~ a u a r x 1 r a w z z c u ~ i 3  o 

LL %UIJ-CCUO a ~ e c - 6 x ~ u t ~ ~ u o  a a d c ~ a ~  J C Y X ~ W L L ~ O O  x 
*am 4 rum.;t.in r( X  X I-I I-+ ri 

u? 
M 
0 
'4 



3 1 cd 
z C'L iU + t- w 
4 a P 

& aC C LU 
It ii .-- > 
-- m r~ a 
Z 3t m X 
Z 3: CI 

P 

- 3  >- a 
Z z >- LU 
>- I- e 4- 
0 a A M 
- 0 L  ri n z it !n .. 
Z n  - V) 
-. z X  Y, 
X Z X a 
x - e. a 
it >- lL Z 

n  o >- x - €- 

- % Z O  U Z > 
3t LL (V Z Z - 7 

-% 1- - 3 
n -x- - C a o 
1 - 4  3 X  6: C 

0 Z 3t C I- I n 
Y I Z ? t  - 0 V) 4 I 
3 M - 3  d I c3 z X  
x e x r  in a b o a. 
\ a x + -  - * N o o 

LL - M ? t  q Z 0 - Z e J - Q f t  U &  c. >- it LC a \ X  
z 4 2 Z Z t  V) n >. ii v, I U a m  P 

I -  0 ZLLN I I- * LL I V) C3 I I \ 
X  N I - n *  X  An J + V ) J  C3 
\ > 3 c  a L -2 -. LL d z \ Q .-c m c 3 ~  \ 
3' x X?'c ,Y - - cn i- CI - 2  - m  I + -  - 

9 I t . Z  i V )  I- 0 - X  C3 V) 1-0 L L ~ L L W  t- 
P -~L  P Z  C L X  a U X  * -  I-I 00 I ~ I I  C] 
bQ Z r i "  QcL 0 U & X Z O  XcL 0 0  m r V ) &  C .-(\ z t r  a1 cuz \ ~ X B I -  L C  c c x  + A + +  OL 
@ L a ' - - >  I v ,  U, U, * X  % - L O  T I  a 4 6  OW 

. 1 7 X O X L - - 9 . ~ 4 L X  i- + \ \ - L C  (31 V)V) - - S C O I  iLI 
I t 3 X X c L N O O J  d c L > d -  U J  I ' A U h l J  2 

e > T - ' , k  2 3 6  X U -  Z C n O d X L n L O a U -  Z W V ) f f i I Z v  Y 

e a ti m V) s't \ I I I  o r \ - . \ - m i - 3 +  I I  3 \ r a ( n o  11 I- 
II I I O  D l l  - e O l - Z  w J Z Z Z m 4 X X b . Z  ~ Z - J I I t - O t Z  
u j z  11 x z d  I o a  t o o o x H L d C a  t o  U-naoY 2 
Z X c L I - 0 9  11 I 1 0 3  O J Z E E l - 0  I I  II  0 3  O Z J I I I  1103 X 
A C I - M W - V ) V ) ~ + O Z  Q X S ~ ~ ~ V ) ~ , ~ I - O Z E ~ Y , W V ) ~ I - ~ ~  
- Q Q Q I X I X O L U Z 3  iAC)CO X I I U , U J Z 3 o W t - - I S I U z 3  
a ~ & a o x ~ c z a & u ~  d o o o  L L . J ~ L I - ~ ~ L L U ~ ~ ~ & ~ , ~ U J V )  

X  4 



IF(SIGNGeNEeS1GNGL) GO TU 1 0  
D E C X = ( X H I - X L 0 ) / 4 * 0  
X (  1 )=XLO-DELX 
DO 5 0  1 ~ 2 7 7  
X (  I ) = X (  1-1  IcDELX 

5 0  CONTINUE 
DO 55 1 ~ 1 7 7  
G X ( I I = G ( X t I I )  

55 COiITINUE 
W R I T E 1 6 r 1 0 0 0 )  I S T t P ~ X L O ~ X H I ~ ( X ( I l , G X ( I ) , I = 1 ~ 7 ~  

1 0 0 0  FORE31AT(lHO,lOX953HIN CALLING ROOT BOTH G ( X H 1 )  AND (;(XLO) HAVE SAivIE 
1 S IGN/ /  25X97HISTEP =911095X95HXLO =91PE121595X95HXHI = 9 € 1 2 e 5 / /  

GAVE=G(XAVE 1 
I F  (ABS ( G A V E 1  0LEeCONV) RETURI\I 
I F ( S I G N G e E Q e S I G N ( l e 0 , G A V E ) I  GO TO 2 1  
XLO=XAVE 
GO TO 2 0  

2 1  X H I = X A V E  
20 CONTINUE 

I E R R = l  
RETURN 
END 
FUNCTION PTNA(X) 

C VAPOR PRESSURE A S  A FUNCTILIN OF TEivlP* 
DII.1EIVSIOPl TEI4PI11 I r P N A K I  1 1 )  
DATA TEMP/ 820e000 ,  8 5 0 - 0 6 6 7  89901859  950.7639 1 0 0 0 r 0 2 9  1050a179  

1 1149.37, 1252a029 1349.87, 1400.00, 0 e 0 /  
DATA P N A K /  e 1 1 9 0 0 0 9  e l 7 0 3 3 5 7  e287456,  e4681789 ,730625,  1.122039 

2  2.39042, 4,807009 8.416239 1 1 . * 0 8 0 0 ~  O a O /  
ENTRY P N A T ( T ~ I S T E P ~ I E K U 1  

I F ( T s G E e T E M P I 1 ) )  GO TO 1 2 0  
PTNA=PNAK(1) 

1 1 0  C A L L  PERR(4HPNATqISTEP?T) 
I E K K = l  
RETURhi 

1 2 0  T F ( T , L E , T f M P ( l O ) )  GO TO 130 
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I F ( T ~ G E * T E P i P I l )  1 GCI ? O  1 2 0  
CTNA=CNAK I1 1 

110 C A L L  P E K R ( 4 H C N A T 9  I S T E P 9  T I  
I ERR,=l 
RETURN 

1 2 0  I F ( T e L E e T E M P t 1 5 ) )  GO TO 130 

130 C A L L  I N T 4 ( T E M P 5 C h A K , T t V )  
CTNA=V 
RETURN 
TEMPERATURE A S  A F U N C T I O ~ ~  OF LIOUIO THERM, COND, 

RANGE 68.0 DEG TO 8 0 0 - 0  DEG 
ENTRY T M A C ~ ( C , I S T E P P T E R R )  

R E  TURN 
1 5 0  I F ( C e L E e C N A K ( 8 ) )  GO TO 160 

I ERR=O 
KETURlV 

C TEMPERATUgE AS A F U N C T I O N  OF L I Q U I D  THERMe COND. 
C RANGE 8 0 0 . 0  TO  1400e0 DEGREES 

E h T R Y  T N A C Z ( C 2 9 I S T f P ~ I E K K )  
I F i C 2 . G E . C N A K I ( l ) )  GO TO 1 8 0  

GO T O  1 7 0  
190 C A L L  I N T 4 ( C M A K I , I E M P I  , 629 -ST )  

C T h A = T T  
I ERK=O 
KFTtJRl\I 
END 
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D A T A  S V f i G I /  ,10679 , 1 0 9 3 ,  e l i  2?5,  . 1 1 5 8 9  .1198? e l 2 4 5 7  q 1 3 0 I . t  
1 ,13699 e 1 4 5 1 p  1 1 5 5 3 9  o16b39 r I U 5 l p  , 2 0 8 0 )  , 2 4 7 5 9  e 2 7 4 0 ,  0 * 0 /  

E h T K Y  S H G G I ( T 9 1 S T 1 5 P , I E K ~ )  
IF(T~GE,TEMP(I)) GO T O  1 2 0  
S T H G G = S V H G ( l )  

110 C A L L  P E R R ( 6 H S H G G T  9 I S T E P y T )  
I E R R = l  
R E T U R N  

- - GO TO 110 
130 C A L L  I % T ~ ( T E ~ I P ~ S V W G ~ T , V ~  

- - -  
STHGG-V 

- IERR=O 
KETURl \ I  

C  TEMPERATURE A S  A  F U N C T I O N  O F  VAPOR E N T Y O P Y  
E N T R Y  T H G G S ( S V 9 I S T E P y I E K K I  
I F ( S V . G E , S V H G I  ( 1 )  GO T O  1 5 0  

GO T O  140 
160 C A L L  1 [ \11 '4 (SVHGI  ~ T E P I P I  y S V 9 f T )  

K E T U K N -  
E N D  
F U N C T I O N  S T H G L t X )  

C  L I Q U I D  ENTROPY A S  A F l JNCTIOIY  OF TEMP. 
D I k E N S I O N  T E M P ( 1 6 1 9  S L H G ( 1 6 )  

- D A T A  TEPiP/ 68e0 ,153 .731 ,249 .700~350.2Z2p450.020 ,550~030~65Us 

D A T A  S L H G /  l r 8 0 0 0 0 E - 0 3 9  70 3 7 3 4 4 f - 0 3 9  1. 1 9 3 7 3 5 E - 0 2 r 1 . 6 4 9 3 i ' E - 0 2 ,  
1 2~02062E-02~2~34937E:-02~2~64312E-02p2~9I312E-02~3e1~750E-02~ 

E N T R Y  S H G L T ( T p  I S T E P e  I E K R f  
I F ( T . G E , T E M P ( l )  1 GO T O  1 2 0  
S T H G L = S L H G (  I )  

110 C A L L  P E R R ( 6 H S H G L T  , I S T E P I T )  
I E R K =  I 
R E T U R N  



1 2 0  I F ( T , L E O T E t d I P ( L 5 ) )  GU T U  1 3 0  
S f H G L = S L H G ( 1 5 1  
GO TO 110 

1 3 0  C A L L  I N T ~ ( T E C ~ P I S L H G ~ T , V  
S?-t-iGL=V 
I E K R = O  
R E T U R N  

C  TEMPERATURE AS A FUNCTIObd O F  L I Q U I O  t N T R O P Y  
E h T R Y  T H G L S ( S L 9  I S T E P ,  I E R R )  
I F ( S L o G E o S L H G t 1 ) )  GO TCI 1 5 0  
STHGL=TEPIP I 1  1 

140 C a L L  P E R R 1 5 H T H G L S 9  I S T E P ?  S L  1 

1 5 0  I F t S L  , L f , S L H G 1 1 5 ) )  GO 70 160 
S T H G L = T E M P (  1 5 )  
GO TO 140 

160 C A L L  I N T 4 f S L H G 9 T E N P 9 S L 9 T T )  
H G L = T T  
RR=O 

I R E T U R N  
6, 
00 

END 
F U N C T I O N  H T N A ( X 1  

C E N Y A L P Y  AS A FUl \ ICTION OF TEPlP. 
D I N E N S I O N  T E k P i l 6 ) ,  H I \ I A K ( l 6 )  
D A T A  TEMP/  6 8 . 0 9  100.0, 

OOwOp 80Om0,  900.0 
o.o/ 

D A T A  H N A K /  10s-09 1780, 3 8 - 5 9  61.09 82.07 103.0, 1 2 5 o 0 9  146.09 
1 167001 188.0, 2 0 9 . 0 9  2 2 9 m 0 ,  2 5 1 o 0 ,  2 7 2 0 0 9  2 9 2 . 0 9  0e0/  

ENTRY H N A T ( T , I S T t P 9 I E R K )  
I F ( T o G E . T E M P ( l ) )  ( G O  TO 1 2 0  
HTNA=HNAK ( 1 )  

1 1 0  C A L L  P E R R ( 4 H H h A T 9 I S I E P , T )  

GO TO 110 
1 3 0  C A L L  I N T 4 1 T E M P 9 H h A K p T 9 V )  

HTIVQ=V 
I E R R = O  
KETClRrU 

C, TEI-IPERATURE AS A  FUNCT101V OF" L I t S U I U  Ei\ ITHALPY 
E N T R Y  Tf\JAM(Hv I S T t P p  4 E R K )  
I F  (H,GF , H ~ A K  ( 1 ) 1 G o  P o  1 5 0  
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0 0 C  C C C 
A N im 4- m a 
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2 U , O /  
D4TA CLEiG/  ' > , Y ? J ~  5 a 0 6 r  S r 4 4 ,  5 . 8 1 9  6 .209  6.589 6 a 9 3 ,  7 e 1 8 9  7 - 4 3 ,  

b l r h f j ~  7e939 8 c l Y 1  8 0 4 4 ,  8 - 7 0 ?  8.94(  O * O /  
k h T K Y  C H C ~ t l ( T ~ I S T E P 9 I E K R )  

I F I T . G & , T E N P ( I ) )  GU TO 1 2 0  
CTHGLzCLt-1G ( 1 1 

110 C A L L  PERM16HCCI(;LT 9 l S T E P 9 T )  
I E R R = l  
RETll2I'J 

1 2 0  I F ( ? - L E * T E A P I L 5 ) )  GO T U  130 
C T X G L = C L W G 1 1 5  1 
GO TO 110 

130 C A L L  I N T ~ ( T E I ~ P , C L X G ~  T 9 V )  
CTHGL=V 
I E R R = O  
KETUKIY 

C T E k P E K A T U K t  A S  A F U N C T I O N  OF L I Q U I D  THEKiYAL CUhD. 
ENTRY T H G L C ( C L 9 I S T E P 9 I E R R I  
I F L C L  * G E e C L H G ( I . )  GO PO 150 
CTHGL=TEMP ( L 

R ( 5 H T W G L C y I S T t P 9 C L )  

RETURIA 
1 5 0  I F ( C L  * L E , C L H G ( 1 5 )  GO TO 160 

C T H G L = i E d P (  1 5 )  
GO TO 140 

I h O  C A L L  I N T 4 ( C L H G p T E k P 9 C L ? T T )  
C T H G L = T l "  
I E R R - - 0  
RE  TURN 
END 
F U N C T I O N  CPT I-IGG ( X 1 

C  VAPOR SPEC, H E A T  A S  A F U N C T I O N  OF S A T  e 

D I M E N S I O N  TEkf - ' (16)9 C P V H G ( 1 6 )  
D A T A  TEMP/  2 0 0 ~ 0 ~ 2 5 0 e 0 9 3 0 0 r 0 9 3 5 0 . 0 ~ 4 5 0 ~ 0 ~ 5 5 0 0 0 ~ 6 5 0 ~ 0 ~ 7 5 0 0 ~ ~ ~ 8 5 0 e 0 ~  

1 9 5 0 m 0 ~ 1 0 5 0 o 0 c 1 1 5 0 o 0 ~ 1 2 5 0 o 0 ~ 1 3 5 0 ~ 0 ~ 1 4 0 0 ~ 0  O.O/ 
DA l -A  CPVHG/ 2 e 4 7 4 E - 0 2 9  2e47444€-02 ,2 r47500E-029  2 e  4 7 5 3 l E - 0 2 ,  

P 2 . 4 7 7 8 l E - 0 2 , 2 ~ 4 8 1 9 4 E - 0 2 ~ 2 ~ 4 8 6 4 L t E - O 2 ~ 2 . 4 9 l 3 l E - O 2 ~ 2 ~ 4 Y 7 3 7 € - 0 2 ~  
2  2 e 5 0 8 8 7 E - 0 2 9 2 9  5 2 5 6 2 E - 0 2 1  20  5 4 5 2 5 E - 0 2 1 2 8 5 6 6 - ( 5 E - O 2 : 2 =  59012E-027 
3 2 . 6 0 3 0 0 E - 0 2 9  O,O/ 

ENTRY C P H G G T ( T 9 I S T E P 9 I E R R )  
I F ( T m G E e T E M P ( l ) l  G 3  TO 1 2 0  
CPTHGG=CPVHG( 1 )  

110 C A L L  P E K K ( 6 H C P H G G T r I S T E P J )  
I C - K K = I  
K E TUKI\I 
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2 o.o/ 
tMTRY IIWGLT~TIISTEP,IEKR) 

IF(T.GE.TEMPI1)) GO TO 1 2 0  
H-THGL=HLHG I I. 

1 1 0  CALL PERR(6HHHGLT ,ISTEP,T) 
I E I I R = l  
RETURN 

1 2 0  I i (T .LE.TEMP(151)  GO TO 1 3 0  
HTHGL=HLHG(l5) 
GO TO 110 

130 CALL I ~ T ~ ( T E ~ ~ P T H L H G , T , V I  
HTHGL=V 
f E R R = O  
RETURN 

C TEMPERATURE AS A FUhCTIOiq UF L I Q U I D  ENTHALPY 
ENTRY THGLH(HL9ISTEP,IERR) 
I F ( H L  eGEsHLHG(1) )  GO TO 1 5 0  
hTHGL=TEl'4P ( 1 1 

1 4 0  CALL PERR(5HTHGLH,ISTEP,HL) 
I E R R = l  

b 
- 8  

RETURN 
1 5 0  I F f H L  .LEeHLHG(151)  GO TO 1 6 0  

f HTHGL=TEMP(15) 
GO TO 1 4 0  

1 6 0  CALL INT4(HLHG,TEiYP,HL,TT) 
- HTHGL=TT 

IERR=O 
RETURN 
END 
FUNCTION H T H G t l X )  

C LATENT HEAT OF VAPORIZATION AS A FUNCTION OF TEMP. 
DIMENSION PEMP(161, H F H G ( 1 6 ) r  T E M P I ( 1 6 ) y  H F H G I ( 1 6 )  
DATA TEMP/ 68.0, 100.0, 200.09 300eOp 400.0, 500.0, 600.09 

1 " - -  -- 
7 0 0 - 0 ,  800.0, 9 0 0 - 0 ,  1000e0 ,  1100e0 ,  1200e09  1300.0, 1400e09  

2 o e o /  
DATA HFHG/ 1 3 1 . 5 0 ~  131.30, 130.50, 129.709 1288909  128.109 127.25, 

DATA TEPIPI/ 1400,Op 1300.09 1200,09 l l O O * O t  1 0 0 0 e 0 9  '300.0, 800.0, 
1 7OOmO9 600009  500eOv 4 0 0 - 0 9  300o09 200e09 1 0 0 * 0 9  68a090.0 /  

DATA HFHGI /  120.109 121,209 1 2 2 * 0 0 9  123e00,  123.857 1240759  
I. 1 2 5 * 6 0 9  126.45, 127.25, 1 2 8 - 1 0 1  1 2 8 - 9 0 9  129.70, 130850 ,  1 3 1 * 3 0 ,  
2 131e50 ,  0 - O /  

ENTRY HHGET(Ty fSTEP, I tKR)  
I t - (  1 ' , G E t 1 - t f g ~ P (  L)) GC: l i l  1 2 0  
HTHGE=HFHG( 1 )  
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BOUNDARY 

DTFILM 

D DJHG 

DTSS 

DTSTAG 

DTTA 

H 

LENGTH 

LIQ FILM 

Nu 

k' 

PE 

PH 

PHBOND 

m-I1 

PR 

WLUX 

IIE 

REVAP 

RO 

'n-w 
THG 

T 1  

T2 

T 3 
~4 
u 
X P  

XWET 

Superheat sect  ion boundary number, 

Temperature difference,  wall-to-bulk Hg, OF,  

Temperature difference, NaK-to-Hg, OF,  

Temperature drop across s t a i l e s s  s t e e l  wall, O F ,  

Temperature drop across stagnant N a K ,  OF,  

Temperature drop across Ta wall, OF,  

2 0 
Hg s ide  f i lm conductance, Btu/hr-ft - F, 
Boiler length from NaK ex i t  point, f t ,  

Liquid f i lm thickness, inches, 

Nusselt modulus, 

Pressure, ps ia ,  

Peclet modulus, 

Preheat section length, f t ,  

Preheat section boundary number, 

Two-phase flow pressure drop factor ,  

Prandtl  modulus, 
2 

Heat f lux,  ~ t u / h r - f t  , 
Reynold's modulus, 

Reynold's modulus, vapor only, 

Nandimmensional l i qu id  f i lm thickness i n  divided two-phase 
flow regime, 

Temperature, NaK,  O F ,  

Temperature, Hg, OF, 

Ta tube inside wall  temperature, OF, 

Ta tube outside w a l l  temperature, OF,  

Stagnant N a K  containment tube (SS) inside wall  temperature, OF, 

Stagnant NaK containment tube (SS) outside wall  temperature, O F ,  

2 
Conductance NaK-to-Hg, Btu/hr-ft - O F ,  

Vapor qua l i ty  boundary increments i n  plug in se r t  section,  

Vapor - qual i ty  boundary increments, 

- Eq 12a, Appendix C ,  

- Ea 26, Appendix C ,  

Bii 



ZETA. 

ZETALrn 

Z ETATAN 

- Eq 12b, Appendix C, 

- Eq 27, Appendix C ,  

- Fr i c t i ona l  pressure drop coeff ic ient  , 
- Linear f r i c t i o n a l  pressure drop coeff ic ient ,  

- Tangentional f r i c t i o n a l  pressure drop coef f ic ien t ,  
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C - 1  WETTED TWO-PHASE FLOW MODEL I N  BARE TUBE 

Wetted two-phase flow model i n  a bare tube consis ts  of gas (vapor) 

core and annular l i q u i d  f i lm a t  the  tube w a l l .  Both t he  gas (vapor) core 

and the  annular l i q u i d  f i lm a re  of concentric geometry. Laminar and 

turbulent  flow pa t te rns  a re  postulated f o r  the  l i q u i d  f i lm and gas (vapor) 

core respectively.  Such a model represents separated two-phase flow regime 

in  once through flow bo i l e r s  when the  working f l u i d  wets the  tube wall  and 

annular l i qu id  f i l m  e x i s t s  a t  t h e  wall.  Basic heat and momentum t rans fe r  

corre la t ions  fo r  separated two-phase flow regime were developed f o r  bare 

txbe model and then modified and applied t o  h e l i c a l  flow passage geometry. 
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PACE 8-1 OP PAGE@ 

C- 6 DATE 

SUBJECT WORK ORDER 

7WE FOLCOWINC~; /s A DLRtvr3T/O/\/ O F  THE THEO- 

RETICAL F R I C T / O N  FACTOR FOR FLUID FLOM /N A 
Hi1./X FLOM PASSAGE. 7H.E D E R I ~ / A ~ - / o ~  N O  AT- 

TEMk'iT &AS BEEN MADS TO KSTA&'L/SH A 1/'€LOC/TY 

PPDF/LE F ~ R  THIS r y P F  OF FLOW. THE (FMO RE- 
SULT /S USED RS A M E A N S  7-0 PREDICT- +ME 
/?RC,CSilRtF DROP FOE F(/L L - SC A L & M €,PC LI R Y F A  0 d 
/N H E  S W Y - 8  B o / L € R .  

7HE PRESSURC D/;-'C,@ /N A S / N G L L -  IrLuTED 

$I /€L /X  CLOW PASSAGE /S 4/1/Eld L3'f TNf DAkC\r'- 

WEISBACbl EgUAT/O l \ l  AS : 

WHERE Fd = HELIX FRICTION FACTGR - I1 
L~ - FLOW PATH LENGTH - / I  

Dd - EOUlVALEN7 D I A  METEE - 11 u~r - FLO W ~6 LOC I T'r' 
q = FLUID OtxsIry  

9, = G R A V I T Y  coMSTAr\lT 

S O L V I ~ J ~  €@. (I) FOR fA ; 

IT 1s POSTULAT€D T H A T  T H E  T O T A L  PRESSURE 
D R O P  APH C A d  BE W R I T T ~ M ;  
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DATE. 

SUBJECT BY WORK ORDER 

W H E R E  APa 1s  THE A X I A L  FLOW LOSS A N D  AP, IS 

T H E  R O T A T / O h / A L  LOSS FOR TtdE fL61/D F f O W / t \ l  :IJ 

THE R-8  P L G N E .  

FOR t M E  j$X /AC COMPONENT : 

WHf C?E 

LL1. DISTANCE OET'WEEN PRESSOR& IA OS 
Da = AXIAL EQUIVALEh lT  DIAMETEE 
U a =  " FLOW VCLOC ITY 

THE A X l A L  ( ; € O W E T R Y  I5 oBTAIMCD I N  T ~ Y C  f f i i ~ g k ' l r ~ q  

F.?ANIJ€'R : 

C O N S T A N T  \/ALL'Ea: 

t= . O d  I N .  

R,= . O S 4  I N .  

RT = .32d  rd 

FIGURE @-I 
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DATE 

WORK ORDER 

A X I A L  A R E A .  

THE RoTATlONAL PRESSURE LOSS T€EM / s  
D E C / N & D  BY T U F  ENERGY LOST N OVER c O M / ~ G  

StfEAL AT T H E  W B F  W A L L [ P € ~ / ] ,  SOCH T H A T  

A L S O  7J; = vE&ocrrY THC e- OIPETT/O~I  
= TAN&+ U a  

T z  SHEAR STR6S.S AT THE +'VOtF WALL 
Ada AREA O F  T H E  TUBE W A L L  

= rrD,L, 
;TC)NalTS r-Dr 

P 
Lj = 3 A e U o .  

c -24 
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PAGES 

DATF 

@UBJLCT W R ~  ORDER 

W H E R E  
Po = R€f&mErtlurt RRDlAL POSlT0QN 

K7 - /I  
rANGCNY/AL 

PW a R A D I O S  OF PII€ W A L L  

p, = TANGEM T / A L  WALL V E L O C I T Y  
tr@ = /f SHEA P V ~ A O C  ? y 

BY sussrlsur/~q (13 , ( / t )  AND ( / I )  INTO ( 1 0 )  A N D  
S O L V i f J q  PO@ t X ) E  SHEAR SPRQSE R E S U l r S  P / J  
r H E  foLL@W/Ng bXPRSSS/Od F O R  ?fa 

S U @ S ~ / + U P / N Q  r u b  EYPRCSSIONS F O R  zT,, , +b4Mdk., L+LI 

Ad (14) INTO (4 
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DARL 

SUBJECT BY WORK ORDER 

r p  7 ~ ~ w , r f ~ / ~ ~ ,  /N E O U A ~ I O E J  (15) CAN d F  
PRESEN TGD BV 

suesrr ror tNd (16) AND I THE H ~ X I X  P A Q C ~ I  

PRESSURE DROP I S  

AND SlrJCE & w s ~ e . ~ a w & ~ q & u d , ~ ~ ~ ~  
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BY WORK ORDER - 

AND RE,* @c, AM &* 
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NOMENCLATURE 

Linear flow crossect ion area 

Tube ID 

Equivalent diameter, tangent ia l  

Equivalent diameter, l i nea r  

Channel width i n  plug in se r t  

Gravitat ional constant 

Vaporization heat 

Forced convection heat t rans fe r  coeff ic ient  

Free convection heat t rans fe r  coeff ic ient  

Mercury s ide  heat t rans fe r  coeff ic ient  

Vapor heat t rans fe r  coeff ic ient  

Thermal conductivity, l i qu id  mercury 

Thermal conductivity, vapor mercury 

Number of tubes i n  bo i le r  

Number of flow passages i n  plug in se r t  

Nusselt modulus 

Nusselt modulus, l i nea r  

I n i t i a l  droplet  population per diameter length 

Local droplet  population per diameter length 

Pi tch,  pressure 

Prandt l  modulus 

R - Thermal res is tance between bulk NaK and mercury tube ID 

r - Tube ID radius 
0 

r 
1 

- Liquid-vapor in te r face  radius i n  divided two-phase flow model 

r2 - Radius ( ~ i g u r e  C-2) 

r - Radius 



'tube 
- 

Velocity, mean 

Vapor t angen t ia l  veloci ty  

Mean ve loc i ty  

Liquid phase flow r a t e  

Vapor phase flow r a t e  

Total  flow r a t e  

Mean vapor qua l i ty  

I n i t i a l  vapor qua l i ty  

Mean moisture content 

Hel ica l  angle, = tan-'(n~/p) 

Angle, volumetric expansion 

Liquid-vapor in te r face  f r i c t i o n a l  pressure drop coef f i c ien t  

i n  divided two-phase flow regime 

F r i c t i o n a l  pressure drop coef f i c ien t  a t  tube wal l  

Dynamic viscosi ty ,  l i qu id  

Eg.::t~.: .I 2 :r l. :. :,33 f~ ty ,  vapor 

Density, l i q u i d  

Density, vapor 

Two-phase pressure drop f ac to r  

Shear s t r e s s  




