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1.0 INTRODUCTION 

MUFAN i s  a computer program (coded i n  FORTRAN I V  ( G )  f o r  the  IJ3M 360/65) 
which solves f l u i d  flow systems involving one or more branches or loops f o r  

flow rates,pressure drops and pressures.  The program i s  primarily intended 

f o r  the analysis  of piping systems and the  flow i s  assumed t o  be one-dimensional, 

incompressible and s teady-state .  Fr ic t ion  head l o s s  data  f o r  several  f i t t i n g s  

commonly found i n  piping systems i s  b u i l t  i n t o  the  program as wel l  as densi ty  

and v i scos i ty  data  f o r  l i qu id  water, l i qu id  NaK, l i qu id  mercury and 4P3E. 

2.0 USER'S GUIDE 

The f i r s t  s t ep  i n  preparing data  f o r  MUFAN i s  t o  make a schematic of the  

system t o  be analyzed. The schematic should include only the d e t a i l s  necessary 

f o r  the f l u i d  flow ana lys is .  

on the schematic. There must be a node a t  both ends of each f i t t i n g ,  pump, 

component, e t c .  

( inc lus ive) .  

suggested tha t ,  for the  sake of readabi l i ty ,  the nodes be numbered i n  increasing 

order i n  the d i rec t ion  of f l u i d  flow and t h a t  numbecs be l e f t  out so tha t ,  i f  

necessary, addi t iona l  nodes can be inser ted  a t  a l a t e r  t i m e  without dis turbing 

the  numbering scheme. 

The next s t ep  i s  t o  ind ica te  nodes (or s t a t ions )  

Each node i s  then assigned a unique number from 1 t o  500 

The nodes may be numbered i n  any manner desired; however, it i s  

An example of  a schematic with node numbers appears below. 
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The next s tep  i s  t o  describe each of the members ( s t r a i g h t  pipes, 

f i t t i n g s ,  pumps, components, e t c . )  t ha t  make up the system. 

the node a t  which f l u i d  en te r s  the member and the  number of the node a t  which 

f l u i d  leaves the member ( i n  t h a t  order) must be specif ied f o r  each member. 

These pa i r s  of node numbers determine how the  members a re  connected t o  form 

the  system and a l so  determine the  posi t ive d i rec t ion  f o r  f l u i d  flow i n  each 

branch of the system. Member data  i s  coded on MEMBER cards which are 

described i n  Section 2.1.6. 
are coded ola CQ cards (See. 2.1.2) and the corresponding A P ' s  are  coded on 

CP cards (See. 2.1.2). 

The number of 

If the  member i s  a pump or component, flow r a t e s  

2 



To complete the descr ipt ion of the system it i s  necessary t o  specify the  

f l u i d  t o  be used, the  f l u i d  temperature a t  each node point, the  elevat ion a t  

each node point,  and the appropriate pressure and f l u i d  flow constraints .  

'ke type of f l u i d  t o  be used i s  coded on the BEGIN card (See. 2.1.1), the  

temperatures a t  the nodes and the elevat ions a t  the  nodes a re  specif ied on 

the  NODE cards (See. 2.l.7), pressures which are t o  be fixed are  coded on 

the  PRESSURE cards (See. 2.1.8), and flow rates t o  be fixed are  coded on the  

MEMBER card f o r  the f i rs t  member i n  the branch f o r  which the f low rate i s  t o  

be f ixed.  

The spec i f ica t ion  of proper f ixed pressures and fixed flow rates is  
e 

c ruc ia l  t o  t he  analysis  of the  system. W A N  w i l l  r e j e c t  any system t h a t  i s  

e i t h e r  underdetermined o r  overdetermined. A s  an example, consider a system 

which consis ts  of a s ingle  s t r a i g h t  pipe: 
- 

1 2 

If the pressure i s  f ixed a t  node 1 and node 2, the  system can be solved. If, 

however, only the pressure a t  node l i s  fixed, the system i s  underdetermined 

and cannot be solved. If the  pressure i s  fixed a t  node 1 only and the  flow 

rate i n  the  pipe i s  fixed, t he  system can be solved. If, however, the  

pressure a t  node 1, the pressure a t  node 2, and the flow r a t e  a re  a l l  f ixed, 

the system i s  overdetermined and cannot be solved. 

2.1 INPUT DATA DECK 

The input  data  fo r  MUFATJ i s  contained on the following types of cards: 

BEGIN, CP, CQ, END, FD, FT, FV, LABEL, MEMBERS, @DE, P ~ S S U R E ,  AID 

TEMPERATURE. The BEGIN card must be the f i r s t  card i n  the  data deck and the  

END card must be the last  card i n  the data  deck; the remaining cards may 

appear i n  any order i n  the data  deck. 

be "stacked" s o  t h a t  they w i l l  be processed i n  a s ingle  computer run. 
sample MUFAN deck set  up appears below i n  Figure 1. 

The data decks fo r  several  cases may 

A 
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/ I ,  

4' 
I 

C AEO 

C&k?DS, 

Figure 1 - MKFAN Deck Set-Up 

Detailed descriptions of each type of card appear i n  the seet ions below. 

The e n t r i e s  under the heading "Field Type" have the  following meanings: 

A - alphanumeric data  (any l e g a l  character) .  If a le t te r  or group of 

l e t t e r s  appears i n  cap i t a l s  under the "Data" heading f o r  t h a t  f i e l d ,  

the l e t t e r  or l e t t e r s  must be coded exact ly  as shown. 
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2.1.1 

F - f loa t ing  point ( real)  data .  Must have a decimal point.  If the E 

notat ion i s  used ( f o r  example 2 . 0 ~ - 6  instead of .000002), the  

exponent must be coded i n  the right-most c o l m ( s )  of the f i e l d .  

I - Integer data .  Must be coded i n  the  right-most c o l m s  of  the  f i e l d  

and must not have a decimal point.  - 
X - blank 

BEGIN CARD 

The BEGIN card must be the f i rs t  card i n  the  data  deck f o r  each case. 

The format of the card i s  described below. 

CARD FIELD 
COLUMNS TYPE DATA 

1 A B or blank 

2-3 X blank 

4 I Fluid type 

1 = NaK 

5- 14 
15-24 

25- 34 
35-44 

45- 5$ 

55- 58 

59 
60 

2 = Mercury - l i qu id  

3 = 4P3E 

4 = Not used 

5 = Water - l iquid 

6 = Fluid propert ies  input by the user  on 

FD, FT, and FV cards 

F X - acceleration, g ' s  

F Y - acceleration, g ' s  

F Z - acceleration, g ' s  

F Maximum allowable absolute e r r o r  i n  flow 

r a t e  ( -  1.0 lb/hr i f  l e f t  blank) 

F Maximum allowable r e l a t ive  e r r o r  i n  flow 

r a t e  (=0.01 i f  l e f t  blank) 

I Maximum number of i t e r a t i o n s  t o  be performed 

( = 5 O  i f  l e f t  blank) 

X blank 

I =O or blank - lengths, bend r a d i i  and elevat ions 

are i n  feet 

=1 - lengths, bend r a d i i  and elevations are  i n  inches 

61-80 X blank 
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2.1.2 CP and CQ, CARDS 

CP cards are used t o  specify pressure drop versus flow rate f o r  

components. 

i s  coded on a CP card and the corresponding flow rates ( lb /hr )  a r e  coded on 

a CQ card. For pumps, the head i n  feet  of f l u i d  f o r  selected flow rates i s  

coded on a CP card and the corresponding flow rates ( i n  GPM) are coded on a 

CQ card. MUFAN uses l i n e a r  interpolat ion t o  f ind  values of pressure drop 

(or f l u i d  head) t h a t  correspond t o  flow rates between the selected values on 

the CQ card. If a flow r a t e  i s  less than the smallest flow r a t e  on a CQ 

card, the pressure drop ( f l u i d  head) corresponding t o  the  smallest flow rate 

on the card i s  used; i f  a flow r a t e  i s  greater  than the l a rges t  flow r a t e  on 

a CQ card, the pressure drop ( f l u i d  head) corresponding t o  the l a rges t  flow 

rate i s  used. The flow rates must be coded i n  increasing order from l e f t  

t o  r i g h t  on each CQ card. 

The component pressure drop ( i n  p s i )  f o r  selected flow rates 

Component or pump data coded on CP and CQ cards i s  referenced by 

assigning a component or pump type number on the CP and CQ cards and also 
coding t h a t  type number on any MEMBER cards t h a t  represent a member which i s  

t h a t  type of pump o r  component. 

be analyzed we have several check valves t h a t  a l l  have the same pressure drop 

versus flow rate cha rac t e r i s t i c s .  W e  could code the pressure drop versus 

flow r a t e  data on a p a i r  of CP and CQ cards, assign a component type, number, 

say 1, and then code t h a t  component type number on each MEMBER card t h a t  

represents one of the check valves. 

For example, suppose t h a t  i n  the system t o  

CARD FIELD 
COLUMNS TYPE DATA 

1- 2 A CP o r  CQ 

3 x blank 

4- 7 A COMP or PUMP 

8- 10 I Component type, 1-41, or, pump type, 1-9 
11- 17 F 1st P, pump head, or flow rate 

18-24 F 2nd P, pump head, or flow r a t e  

25-31 F 3rd P, pump head, or flow r a t e  

6 
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CARD FIELD 
COLWS TYPE 

32- 38 F 

39-45 F 

46- 52 F 

53- 59 F 

60-66 F 

67-73 F 

74- 80 F 

2.1.3 END CARD 

DATA 

4th P, pump head, or flow rate 

5th P, pump head, or flow r a t e  

6th P, pump head, or flow r a t e  

7 t h  P, pump head, or flow rate 

8th P, pump head, or flow r a t e  

9th P, pump head, or flow rate 

10th P, pump head, or flow rate 

An END card ind ica tes  the end of the data cards f o r  a case and must 

be the last  card i n  the  data deck f o r  each case. 

CARD FIELD 
COLUMNS TYPE DATA 

1- 3 A END 

4- 80 X blank 

2.1.4 FD, FT, AND FV CARDS 

If the  user  wishes t o  use a f l u i d  other than those whose propert ies  

are b u i l t  i n t o  the program (NaK, l i qu id  mercury, 4P3E, l i qu id  water), he must 

supply f l u i d  densi ty  and v i scos i ty  versus temperature on FD, FV, and FT cards. 

Selected temperature values (degrees F.)  are coded on t he  FT card, increasing 

from l e f t  t o  r i g h t .  The f l u i d  densi ty  values (pounds per  cubic foo t )  corres- 

ponding t o  each temperature value are coded on the FD card and the f l u i d  

v iscos i ty  values ( l b  ./hr . - f t  . ) corresponding t o  each temperature a re  coded 

on the FV card. Interpolat ion i s  performed by Subroutine INT4 (see Reference 

10). 

CARD FIELD 
COLUMNS TYPE DATA 

1-2 A FD or FT or FV 

3-10 F 1st density, temperature or viscos i ty  value 

11- 18 F 2nd density, temperature or viscos i ty  value 

19-26 F 3rd density, temperature or viscos i ty  value 

7 
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CARD 
COLUMNS 

27-34 

35-42 

43- 50 

51- 58 
59-66 
67-74 
75-80 

FIED 
TYPE DAW 

F 4th density, temperature or viscos i ty  value 

F 5th density, temperature or viscos i ty  value 

F 6th density, temperature or viscos i ty  value 

F 7 th  density, temperature or viscos i ty  value 

F 8 th  density, temperature or viscos i ty  value 

F 9th density, temperature or viscos i ty  value 

blank 

2.1.5 LABEL CARDS 

LABEL cards a re  used t o  place t i t l e  information a t  the  top of each 

page of MUFAN pr in tout .  There may be up t o  3 LABEL cards f o r  each case. 

CARD FIELD 
COLUMNS TYPE DATA 

1 A L 
2-80 A Any t i t l e  information desired.  

2.1.6 MEMEBR CARDS 

MF,iVIBER cards are used t o  describe the  members ( s t r a igh t  pipe, f i t t i n g s ,  

components, pumps, e t c . )  t h a t  make up the system t h a t  i s  t o  be analyzed. 

MEMBER card describes one member. 

Each 

CARD FIELD 
COLUMNS 

1 

2 

3- 5 

6-7 
8-10 
11- 17 
18-24 

TYPE 

A 

X 

I 

X 

I 

X 

F 

... 

... 

... 

DATA. 

M 

blank 

Number of the node a t  which f l u i d  en ters  the 

member . 
blank 

Number of the node a t  which f l u i d  leaves the member. 

blank 

If member i s  

S t ra ight  pipe, gradual expansion or contraction -- 
code the length i n  feet or inches 

A bend -- code the radius i n  feet or inches 

None of the above -- leave blank 
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CARD 
COLUMNS 

FIELD 
TYPE 

25-30 

31-36 
37-41. 

42 

43 

44 

45 

46-47 

48-49 

50-51- 

52 

53- 58 

59-65 

F 

F 

F 

X 

I 

I 

I 

I 

x 
F 

F 

DATA 

Upstream outside diameter, D1, inches. 

Sect. 2.1.6.1) 

Upstream w a l l  thickness, inches 

If the  member i s  a bend, code the angle of the 

bend i n  degrees (maximum bend angle allowed i s  180'). 

If the member requires  a downstream outside 

diameter ( D  ), code the downstream w a l l  thickness. 

If ne i ther  of the above apply, leave blank. 

blank 

1 

2 

3 
0 or blank i f  none of the above 

1 

0 or blank i f  not 

If the member i s  a pump, code the type number of 

the pump, otherwise 0 o r  blank. 

If thp member i s  a component, code the type number 

of the  component, otherwise 0 or blank 

If a K-factor i s  t o  be used fo r  the member, en te r  

the  K-factor code (see Sect.  2.1.6.4), otherwise 

0 or blank. 

If an equivalent length (Le/D) i s  t o  be used f o r  

the member, en te r  the  equivalent length code (see 

Sect. 2.1.6.5), otherwise 0 o r  blank. 

blank 

Depending on what i s  coded i n  columns 48-51, enter 

value of K-factor, value of Le/D, diameter of 

o r i f i c e  (Do),  o r  blank. 

Downstream outside diameter, D 

(See 

2 

If fixed pressure drop (see Sect.  2.1.6.2) 

If free pressure drop (see Sect.  2.1.6.2) 

If f ixed pressure r ise (see Sect. 2.1.6.2) 

If fixed flow r a t e  (see Sect.  2.1.6.3) 

(See Sect.  2.1.6.1) 2 

9 



CARD FIELD 
COLUMNS TYPE DATA 

66-72 F Depending on what i s  coded i n  columns 43-44, en ter  

value of f ixed flow rate, value of f ixed pressure 

drop, value of f ixed pressure rise, or blank. 

73-79 F If the member i s  a s t r a igh t  pipe or an equivalent 

length has been selected,  enter the roughness i n  

inches, otherwise leave blank 

a0 x blank 

2.1.6.1 OUTSIDE DIAMETER 

If a member has a constant diameter from i n l e t  t o  out le t ,  the  outside 

diameter, D., i s  coded i n  columns 25 thru  30 of the member card and the f i e l d  

f o r  D2 i s  l e f t  blank. 

from the downstream outside diameter, the  upstream outside d iamekr  (D1) must 

be coded i n  columns 25 t h ru  30 and the downstream outside diameter ( D  ) must be 

coded i n  columns 59-65. Pumps require both D and D whereas D need be coded 

f o r  components only i f  a pr intout  of Reynolds number based on D i s  desired.  

Examples showing D1 and D2 appear below. 

If a member has an upstream outside diameter t h a t  d i f f e r s  

2 

1 2 1 
1 
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2.1.6.2 PRESSURE: DROP CONSTRAINTS 

If a fixed pressure drop (or r ise)  i s  specif ied f o r  a member, the 

pressure drop ( o r  r ise)  provided by the user  i n  columns 66 thru  72 of the 

MEMBER card i s  taken t o  be the pressure drop (or r i s e )  across the member 

regardless of the flow r a t e .  If a free pressure drop i s  specified f o r  a 

member, MUFAN computes the pressure drop required t o  s a t i s f y  the conditions 

imposed on the system. A s  an example of the  use of a f r ee  pressure drop, 

consider the system shown below: 

It i s  desired t o  s ize  the  o r i f i ce  t o  obtain the flow d i s t r ibu t ion  shown. To 

accomplish t h i s ,  the flow rates shown are  coded as f ixed and the character- 

i s t i c s  of the two components a re  coded on CP and CQ cards.  Member 30-35 i s  

coded a s  a free pressure drop and the outside diameter i s  coded i n  columns 

25 thru 30 of the  MEMl3ER card. The remaining members a re  coded on addi t iona l  

MEMBER cards and the pressure a t  node 70 i s  specif ied on a PRESSURE card. 

MUFAN w i l l  compute the pressure drop from node 30 t o  node 35 required t o  

obtain tha t  pressure drop. If the outside diameter i s  l e f t  blank on MEMBER 

card 30-35, the pressure drop w i l l  be computed but the  o r i f i ce  diameter w i l l  

not .  

11 



It should be noted t h a t  i f  a f ixed pressure drop (or r i s e )  or a free 

pressure drop i s  ca l led  fo r ,  a l l  but  the following data  i t e m s  on the  MEMBER 

card are ignored: 

thickness, the  fixed flow r a t e  f lag ,  and the value of the fixed flow r a t e  

the node numbers, the outside diameter (Dl), the  w a l l  

(if any). 

2.1.6.3 FLOW FATE CONSTFAINTS 

If the  f irst  member i n  a branch i s  coded as having a fixed flow rate, 

the  e n t i r e  branch i s  considered t o  have the  same f ixed f l o w  r a t e  ( t o  s a t i s f y  

continuity of mass flow). 

imply fixed f lows  i n  other branches, and, i f  so, f i xes  the flows i n  these 

branches. A s  an example of impl ic i t ly  fixed flow ra t e s ,  consider the system 

shown below: 

MUFAN checks t o  see i f  the flows fixed by the user 

c 

The flow r a t e s  i n  branches "A" and "B" are f ixed a t  the values shown. 

To s a t i s f y  cont inui ty  the flow rate i n  branch "C" must be 2000 lb/hr.  and the 

flow r a t e  i n  branch "D" must be 5000 lb/hr. ,  therefore MUFAN would auto- 

mat ical ly  f i x  the flow rates i n  these two branches. 

2.1.6.4 K-FACWRS 

K-factors are used t o  compute the head l o s s  through bends, f i t t i n g s ,  

components, e t c .  according t o  the  relat ionship:  

12 



Where : 
h = head los s ,  f t .  

K = K-factor, dimensionless 

V = f l u i d  velocity,  f t . / s ec .  

g = accelerat ion of gravity,  f t  ./see ./see. 

If the  user  chooses t o  have the program use a K-factor i n  the  head 

l o s s  computation f o r  a member, he should code one of the numbers l i s t e d  below, 

otherwise the f i e l d  (co ls .  48-49) should contain zero o r  blank. I n  the 

descr ipt ions below, "tubing" refers t o  roughness on the order of smooth 

tubing while "piping" r e f e r s  t o  roughness on the  order of cas t  pipe. 

Section 3.1.1 f o r  t he  K-factor values which a re  b u i l t  i n to  the  program. 

See 

CODE 

1 

2 

3 
4 
5 
6 
7 
8 

9 
10 

11 
12 

13 
14 
1.5 
16 
17 
18 
1.9 
20 

21 

22 

23 

DESCRIPTION 

30' or 45' tubing branch-flow out through branch 

60' tubing branch-flow out through branch 

90' tubing branch-flow out through branch 

45' branch on a 90' elbow-flow out through branch 

7' branch on a 90' elbow-flow out through branch 

15' branch on a 1-55' elbow-flow out through branch 

1.35' tubing branch-flow out through branch 

4 5 O  tubing branch-flow through main 

90' tubing branch-flow through main 

135' tubing branch-flow through main 

45' tubing branch-flow i n  through branch 

90' tubing branch-flow i n  through branch 

135' tubing branch-flow i n  through branch 

Tubing bend (code the angle of the  bend i n  columns 37-41) 
Standard 90' pipe elbow 

Standard 45' pipe elbow 

Long 90' pipe elbow 

Standard pipe t ee  - flow through main 

Standard pipe t ee  - flow through branch 

Close re turn  bend 

Gradual contraction 
Gradual expansion 

Sudden contraction 



CODE DESCRIPTION - 
24 Sudden expansion 

25 Orif ice  

99 K-factor provided by the  user  (K-factor value coded i n  columns 53-58) 

2.1.6.5 EQU1VAL;ENT LJ3NGTHS 

Equivalent lengths a re  used t o  compute the head l o s s  through bends, 

f i t t i n g s ,  components, e t c .  according t o  the  relat ionship:  
v2 A h  = f (Le/D) - 
a2 

Where : 

A h  = head loss ,  f t .  

f = f r i c t i o n  f ac to r  

k / D  = equivalent length, diameters 

V = f l u i d  veloci ty ,  f t . / s e c .  

g = gravi ta t iona l  accelerat ion f t  ./see . /see.  

If the user  chooses t o  have the program use an equivalent length i n  

the head l o s s  computation f o r  a member, he should code one of the numbers 

l i s t e d  below, otherwise the f i e l d  (columns 50-51) should contain zero or 
blank. 

of smooth tubing while "pipe" refers t o  roughness on the order of cas t  pipe. 

See Section 3.1.2 f o r  the  equivalent length values which a r e - b u i l t  i n to . the  

program. 

CODE DESCRIPTION 

I n  the  descriptions below "tubing" r e fe r s  t o  roughness on the order 

1 Stra ight  pipe, code the length (feet or inches) i n  columns 18-24 

and code the roughness (inches) i n  columns 73-79 
Tubing bend (code the angle of the bend i n  columns 37-41) 

* 

2 

3 Standard goo pipe elbow 

4 Standard 45' pipe elbow 

5 Long 90' pipe elbow 

6 Close re turn  bend 

7 Gate Valve 

8 Swing check 

9 Angle Valve 

10 Globe valve 
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CODE DESCRIPTION 

11 Standard pipe tee - flow thru  main 

12 Standard pipe t ee  - flow thru  branch 

99 Equivalent length ( I e / D )  provided by the user  i n  columns 53-58. 

2.1.7 NODE CARDS 

NODE cards are  used t o  input e levat ion and temperature data  f o r  the 

nodes i n  the system. Temperature data  may be coded on TEMPERATURE cards 

instead of on the NODE cards i f  desired.  If a node does not have elevat ion 

data  coded f o r  it on a NODE card, the elevat ion a$ t h a t  node i s  considered 

t o  be X = 0, I = 0, Z = 0. 

Z = 0 the NODE card may be omitted provided t h a t  the  f l u i d  temperature f o r  

t h a t  node i s  coded on a TEMPERATURE card. 

Thus f o r  nodes t h a t  have elevat ion X = 0, Y = 0, 

CARD FIELD 
COLUMNS TYPE DATA 

1 A N 

2 X blank 

3- 5 I Node number 

6 X blank 

7-9 I If a node number i s  coded i n  t h i s  f i e l d ,  the elevat ion 

and temperature data  coded on the  remainder of the 

card w i l l  be assigned t o  a l l  node numbers from the node 

number coded i n  columns 3-5 t o  and including the node 

number coded i n  t h i s  f i e l d .  If, f o r  example, 10 i s  

coded i n  columns 4 and 5 and 130 i s  coded i n  columns 

7-9, then nodes 10 t h r u  130 would a l l  have the elevat ion 

and temperature coded on t h e  remainder of the card. 

Any of the consecutive numbers between 10 and 130 t h a t  

are not ac tua l  node numbers assigned by the user  are  

ignored. If columns 7-9 are l e f t  blank, the temperature 

and elevat ion data  re-assigned only t o  the node whose 

number appears i n  columns 3-5. 



CARD FIELD 
COLUMNS TYPE DATA. 

10 X blank 

11- 18 F X-e levat i on 

19-26 F Y- e leva t i on 

27- 34 F Z- e levat i on 

35-42 F Temperature, deg . F . 
43-80 X blank 

2.1.8 PRESSm CARDS 

PRESSURE cards are used t o  f i x  a pressure a t  a node. 

CARD FIELJI 
COLWS TYPE DATA. 

1 A P 

2 X blank 

3- 5 I Node number 

6-8 X blank 

9- 14 F Pressure, p s i  (must be a posi t ive number or zero) 

15-80 X blank 

2.1.9 TEMPERATURE CARDS 

If no elevat ion data  i s  t o  be input  (see Sect. 2 . ~ 8 ) ~  the TEMPERATURE 

cards a re  used t o  specify the f l u i d  temperatures a t  the nodes. If each node 

has a d i f f e ren t  f l u i d  temperature, there  w i l l  be a s  many TEMPEMTURE cards 

(with a l l  but the  f i r s t  node number f i e l d  l e f t  blank) as there  a re  nodes -- 
one f o r  each node. If, however, several  nodes have the same f l u i d  temperature, 

those node numbers may be l i s t e d  on a s ingle  TEMPERATURE card. If a number 

i s  coded i n  t h e  f i rs t  node number f i e l d ,  the  second node number f i e l d  i s  l e f t  

blank, and a number i s  coded i n  the t h i r d  node number f i e ld ,  a l l  nodes having 

consecutive node numbers s t a r t i n g  with the  number i n  the  first f i e l d  and up 

t o  (and including) the  number i n  the  t h i r d  f i e l d  w i l l  be assigned the  

temperature t h a t  appears i n  the f l u i d  temperature f i e l d  of the  card. If 

some of the intermediate numbers a re  not ac tua l  nodes, they are merely 

ignored. 
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CARD 
COLUMNS 

1 

2- 3 
4-6 
7-8 
9- 11 
12-13 

14-16 
17- 18 
19-21 
22-23 

27-28 
29- 31. 
32-33 
34- 36 
37-38 
39-41. 
42-43 
44-46 
47-48 
49- 51- 
52-53 
54- 56 
57- 58 
59-61. 
62-65 
66-72 
72-80 

24-26 

FIELD 
TYPE 

A 
X 
I 
X 
I 
X 
I 
X 
I 
X 
I 
X 
I 
X 
I 
X 
I 
x 
I 
X 
I 
X 
I 
X 

I 

X 

F 

X 

DAW 

T 

blank 

F i r s t  node number 

blank 

Second node number 

blank 

Third node number 

blank 

Fourth node number 

blank 

F i f t h  node number 

b lank 

Sixth node number 

blank 

Seventh node number 

blank 

Eighth node number 

blank 

Ninth node number 

blank 

Tenth node number 

blank 

Eleventh node number 

blank 

Twelfth node number 

blank 

Fluid temperature, F. 

blank 

0 

Examgle s : 

(a)  

- 
If a TEMPERATURE card has 16 coded i n  columns 5 and 6 and 1201.0 coded 

i n  colfimns 66 th ru  71, a f l u i d  temperature of 2201.0 F. w i l l  be assigned 

t o  node 16. 

0 



. 

If a TEMPERATURE card has 10 coded i n  columns 5, and 6, a 55 coded i n  

columns 10 and 11, a lo5 coded i n  columms 14 thru  16, and 662.5 coded 

i n  columns 66 thru  70, then a f l u i d  temperature of 662.5OF. w i l l  be 

assigned t o  nodes 10, 55, and 105. 

If a !I?EMF'ERATLTRE card has 5 coded i n  column 6, 200 coded i n  columns 14 
thru  16, and 1152.0 coded i n  columns 66 thru  71, then a l l  nodes having 

node numbers between and including 5 and 200 w i l l  be assigned a f l u i d  

temperature of 1152 .O°F . 
PRINTED OUTPUT 

-MUFAN produces four types of pr inted output f o r  each case: Card Input 

Listing, Member Flow Character is t ics ,  Flow and Pressure Drop, and 

Pressure. Each type of pr intout  i s  discussed i n  d e t a i l  below and the 

pr inted output f o r  a sample problem appears i n  Appendix A .  The date 

(month/day/year) and the  t i m e  of day (0000-2400) tha t  the problem 

was run a re  printed a t  the  top of each page of MUFAN pr inted output. 

2.2.1 CARD INPUT LISTING 

The cards i n  the  deck f o r  a case a re  l i s t e d  exact ly  a s  they a re  punched. 

When e r r o r s  i n  the  data  deck are  detected by MUFAN, a descr ipt ive 

e r r o r  message i s  pr inted out and MLTFAN skips t o  the next case ( i f  any). 

2.2.2 MEMBER FLOW CHARACTERISTICS 

The following information i s  pr inted out f o r  each member: member 

number ( i n  ascending numerical order),  type, length, outside diameter 

( D l ) ,  w a l l  thickness, radius, angle, D2, roughness, k / D ,  K-factor. 

Items i n  the preceding l i s t  t h a t  do not apply t o  a par t icu lar  member 

a re  pr inted out a s  a s t e r i sks  f o r  t h a t  member. I n  the event t h a t  

e r ro r s  i n  the data a re  detected, MUFAN p r i n t s  out a descr ipt ive e r r o r  

message and skips  t o  the next case ( i f  any).  

2.2.3 FLOW AND P ~ S S U R E  DROP 

The flow rate ( lb /hr )  i n  each branch i s  pr inted out immediately followed 

by the pressure drop through each member on t h a t  branch. 

drop i s  a l s o  broken down i n t o  pressure drop due t o  changes i n  e levat ion 

The pressure 
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and pressure drop due t o  f r i c t i o n  losses .  Cumulative pressure drop 

along the  branch i s  a l s o  pr inted out.  

drops and pressure rises are followed by an X. Free pressure drops are 

enclosed i n  parentheses. 

Fixed flow rates, pressure 

2.2.4 PRESSURE 

The pressure a t  each node i n  the system i s  pr inted out.  Fixed pressures 

are followed by an X. 

2.3 SAMPW PROBIEM 

The schematic f o r  the system t o  be solved i s  shown i n  Figure 2.  Node 

numbers have already been assigned. Additional system data appears 

i n  Figure 3. 

Figure 4 contains the coding sheets f i l l e d  out f o r  t h i s  problem. 

f i r s t  card coded i s  the  BEGIN card. A 1 i n  column 4 indicates  t h a t  

t h e  f lu id  t o  be used i s  NaK, 1.0 i n  columns 15-17 indicates  t h a t  there  

i s  a 1 . 0  g accelerat ion i n  the  Y-direction, and 1 i n  c o l m  60 indicates  

The 

t h a t  the lengths, bend r a d i i ,  and elevat ions a re  t o  be coded i n  inches. 

The remaining f i e l d s  are l e f t  blank, which means t h a t  t he  defaul t  values 

shown i n  sect ion 2.1.1 f o r  the absolute e r ror ,  r e l a t ive  e r r o r ,  and 

maximum number of i t e r a t i o n s  w i l l  be used. If f o r  a problem which must 

be solved i t e r a t i v e l y  (such as t h i s  sample problem) it may be necessary 

t o  specify d i f f e ren t  values i n  order t o  ge t  a s a t i s f ac to ry  solut ion 

(see Section 3.3.1). 

The next two cards coded are LABEL cards which provide a t i t l e  t o  be 

pr inted a t  the top of each page of the  pr intout .  Since the HRPMA 

(185 t o  10) i s  a pump, a pump type number i s  coded i n  column 45 of  the 

MEMBER card. 

are a l so  coded. A CQ card gives the flow rates ( i n  GPM) and a CP card 

gives the  corresponding heads ( i n  feet)  f o r  a type 1 pump. (NoBe t h a t  

i f  there were other  i den t i ca l  pumps i n  the system, they could a l l  have 

a 1 coded i n  column 45 of t h e i r  MEMBER cards ar,d only the s ingle  set of 

The upstream and downstream diametcrs and w a l l  thicknesses 
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FIGURE 3 - ADDITIONAL SYSTEM MTA 

Condenser 
Q, lb/hr AP, Ps i  

30, ooo 2.3 
40,000 3.5 
54,000 6.4 
70, ooo 32.5 

30, ooo 3 -0 
50,000 5 .o 
70, ooo 7 .o 

HRPMA 
Q, GF'M Head, ft. 

I20 
1-50 
180 

0 1.43 

60 1-35 
90 1-18 

93 
64 
30 

30 142 

32,000 0.33 
40,000 0.48 
48,000 0 .TO 
56,000 1.00 
65, ooo 1.35 
70,000 1.56 

Cooling Ci rcu i t  
Q, lb /hr  AP, P s i  

0 0 

8,000 64.0 
4,000 16.0 

Fluid Temperature 

Nodes 10 thru  85 4170f 
Nodes 90 t h ru  135 49O0F 
Nodes 140 t h ru  185 417OF 

Y Elevation ~ 

node ( s r  Y, inches 

10 thru  85 40 .O 
90 t h ru  95 85 .o 
100 t h ru  120 75 .o 
125 th ru  135 120.0 
140 th ru  185 40 .O 

21 



D . 
' e  D 
4 

22 



- 
08 
6L - 
aL 

& 

- 
9L 

*f 
EL 
ZL 
If 
O f  
69 
89 
L9 
99 
59 
f l  
E9 
Z9 
19 
09 
65 . 
85 
LP 
9s 
55 
ps 
E5 
ZE 
15 
05 
69 
8P 
LP 
9P 
5t 
PP 
Ep 

ZP 
IP 
09 
6E 

LE 
9E 
58 
PO 
&E 
ZE 
1E 
OE 
62 

LZ 
92 
EZ 
tz 
E2 
zz 
IZ 
oz 
61 

L1 
91 
51 
PI 
E l  
ZI 
11 
01 
6 

L 
9 
5 

E 
z 
I 

- 

___ 
- 

- 
__ 

- 

- 
-- 

- 

- 
__ 

a& 

-- 

- 

az 
- 
.- 

a1 - 
- 

- 

a 

p 

.- 

. I <  

23 



. 



CQ and CP shown would be required.)  

as a Gradual Expansion (22 i n  columns 48-49) i n  the case of member 

25-30, and a s  a Gradual Contraction (21 i n  columns 48-49) i n  the  case 

of member 165-170. The HRNDV i s  coded as having i t s  K-factor input 

by the user  (99 i n  columns 48-49); the K-factor i s  coded i n  columns 

The concentric reducers a re  coded 

53- 58. 

Suppose we wish t o  f ind  the pressure drop needed across the valve 

HRFCV such t h a t  t he  flow rate i n  t h a t  branch i s  55,000 lb/hr .  

f i x  the flow rate i n  the branch by indicat ing a fixed flow rate 

(a 1 i n  column 44) on the MEMBER card fo r  the first member i n  the branch, 

50-55. 
a 2 i n  column 43 of i t s  MElvLBER card, and the program w i l l  compute the 

required pressure drop. 

We can 

We can then make member 60-65 a free pressure drop by coding 

The Condenser, PLR, Radiator, and Cooling Ci rcu i t  are coded as component 

types 1, 2, 3 and 4, respectively; and t h e i r  charac te r i s t ica  are 

coded on the corresponding CQ and CP cards.  Member 205-210 i s  coded 

as an o r i f i c e  by coding 25 i n  columns 48-49 of i t s  MEJyIBER card. The 

o r i f i c e  diameter (Do) i s  coded i n  colwnns 53-58 and the  outside diameter 

and w a l l  thickness are coded i n  columns 25-30 and 31-36 respectively.  

Fluid temperature data  i s  eoded on TEMPERATURE cards and elevat ion data  

i s  coded on NODE cards.  The pressure a t  node i s  5.0 p s i  by a PRESSURE 

Card. A l i s t i n g  of the W A N  computer program appears i n  Appendix A.  

Suppose t h a t  the system t o  be analyzed contains l i qu id  bismuth instead 

of l i qu id  NaK. Liquid bismuth has the propert ies  shown below ( R e f .  9): 

p ,  l b / f t 3  /u, lb / sec- f t  0 Temp., F. 

600 625 1.09 10-3 
800 616 0.90 10-3 

1000 

1200 

1400 

608 0.74 10-3 
600 0.62 10-3 
591 0.53 10-3 

A 6 would be coded i n  column 4 of the  BEGIN card and FT, FD, and FV 

cards would be coded as shown i n  f igure 5. Note tha t  the v iscos i ty  data 

must be converted t o  lb /h r - f t .  

25 



c 

T3 c 
m 

T3 
k m u 

26 



2.4 LIMITATIONS 

The following l imi ta t ions  apply t o  the current version of MUFAN: 

(a )  

(b)  

( e )  

(d)  

( e )  Pressure cannot be f ixed a t  a Branch Point.  

( f )  

Node numbers must be integers  between (and including) 1 and 500. 

The maximum number of members allowed i s  600. 

The maximum number of Branches allowed i s  1-50. 

The maximum number of Branch Points allowed i s  100. 

An open Branch must have e i t h e r  a fixed f l o w  r a t e  and/or have 

the  pressure a t  i t s  End Point f ixed. 

3.0 ANALYSIS 

The problems handled by MUFAN a re  l imited t o  those involving one 

dimensional incompressible steady s t a t e  f l u i d  flow. The approach taken 

involves an appl icat ion of the Bernoulli equation: 
n 3 c L 

(3.1) Z1 + '1 + '1 = z2 + 2 + '2 + Ah,, 
Wl m iq75 m 

Where: Z = elevation, f t .  

P = pressure, p s i  
p =  weight density, l b / f t  3 

V = bulk velocity,  f t / s ec  

g = gravi ta t iona l  accelerat ion,  f t /sec/sec . 
Ahl2 = f r i c t i o n  head loss  between 1 and 2, f t .  

Subscript 1 denotes the  upstream s t a t i o n  and subscript  2 denotes the  

downstFeam s t a t ion .  U s e  i s  a l s o  made of the cont inui ty  equation: 

( 3 . 2 )  A 1  v1 = p 2  A2 v2 
2 Where: A = area,  f t  

If w e  assume t h a t  the densi ty  i s  the  same a t  s t a t ions  1 and 2, t ha t  i s :  

B1 = P 2  = P12 

w e  can rewrite equation 3 .1  as :  



Where: A P12 = 144P,, A h12 = f r i c t i o n  head loss ,  ps i  

The subscript  12 denotes propert ies  of the member connecting s ta t ions  

1 and 2.  It i s  convenient t o  define a f l u i d  resis tance,  r a s  follows: 12’ 

(3.4) P1 + 144$,, Z1 = P 2 + 144Pl2 Z2 + r12 Q 

Where: r = resis tance,  psi-hr / lb  12 
Q = weight flow ra t e ,  lb/hr  

= 36°0A;! A 1 V 1 = 3600f’, A2 V2 

Then, from 3.3 and 3.4: 
F 1 

For members having the  areas a t  s t a t ions  1 and 2 equal, 3.5 reduces to: 

A Branch i s  a l i n e  consisting of one o r  more members connected end t o  

The weight flow r a t e  i n  each member of a Branch i s  the same (from end. 

continuity;  equation 3.2). The system t o  be analyzed may consis t  e i t he r  of 

a single branch, or, of three or more branches connected t o  form a network. 

The points  a t  which three or more branches meet are  ca l led  Branch points .  

Examples : 

Branch - 
m - - I 

10 15 20 25 30 
System with 4 Branches and 2 Branch Points 
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I f  a node i s  connected to only one other node, then it i s  an End 

Point. Both examples above have 2 End Points  each. 'Ihe res i s tances  of the 

members i n  a Branch may be summed along the  Branch to give the t o t a l  r e s i s t -  

ance of the Branch, R;  and, the elevat ion head a t  each node i n  the branch 

( r e l a t i v e  t o  the node preceding it i n  the branch) may be summed to give the 

elevat ion head of the end of the branch r e l a t i v e  t o  the beginning of the 

branch, E: 

(3.7) RIJ = r 
n- 1 

i = l  i, i + l  

The subscr ipts  on R and E indicate  tha t  the Branch connects Branch 

(or End) Point I to Branch (or End) Point J. !The f l u i d  conductance of a 

branch is:  

The ne t  flow out of each Branch Point must be zero. This require- 

t h  ment i s  s a t i s f i e d  f o r  the I- Branch Point i f :  

Where: PI = pressure a t  Branch Point I 

PJ = pressure a t  Branch Point J 

A PIJ = pump pressure r i s e  and/or f ixed pressure r i s e  on 
Branch IJ ( i f  any) 

QIK = f ixed f l o w  r a t e  i n  Branch I K  



The index J runs over a l l  Branch Points (and End Points) connected 

to Branch Point I by a Branch not having a fixed flow r a t e ;  the index K runs 

over a l l  Branch Points  (and End Points) connected to Branch Point I by a 

Branch having a f ixed flow ra t e .  

are pos i t ive  i f  the pos i t ive  d i rec t ion  of flow i n  a Branch i s  from J (or K) 

to I. 

are  coded (see sect ion 2.0). 

The signs i n  f ront  of EIJ, A PIJ and QIK 

The pos i t ive  d i rec t ion  of flow i n  a branch depends on how the  members 

The solution of t he  s e t  of equations 3.10 proceeds as follows: 

(a) An i n i t i a l  guess i s  made f o r  the values of the f l a w  r a t e s  i n  

a l l  the  Branches w i t h  non-fixed flow ra tes .  

(b) I n  each of the Branches w i t h  non-fixed flow r a t e s  the current 

estimate of the flow r a t e  i n  tha t  Branch i s  used t o  compute the conductance 

of the Branch. 

(e)  The s e t  of equations (3.10) i s  se t  up and solved fo r  the  Branch 

Point pres  sure s . 
(d) The new values of the Branch Point pressures along w i t h  the  

current values of the Branch conductances are  used to compute a new estimate 

fo r  the flow r a t e  i n  each Branch not having a f ixed flow ra t e .  

Steps b through d a re  repeated u n t i l  successive estimates of each 

Branch flow r a t e  agree suf f ic ien t ly .  

The sections which follow contain a more de ta i led  discussion of the 

items discussed. 

3.1 FRICTION HEAD LOSS COMPUTATIONS 

The method by which the f r i c t i o n  head loss through a member i s  com- 

puted depends on the type of member. Three d i s t i n c t  methods are  used: 
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(3.12) 
L P V2 -- 

A P = f  D 2888 

(3.13) A P = F(Q) 

Where: A P = f r i c t i o n  head loss, p s i  

K = K-factor, dimensionless 

f = f r i c t i o n  factor ,  dimensionless 

L = length, f t .  

D = diameter, f t .  

p 

V = bulk velocity,  f t / sec  

= weight density, l b / f t  3 

g = gravi ta t iona l  acceleration, ft/sec/sec 

F(Q) = a relat ionship between A P and Q which i s  specified 

by tabular data (see section 2.1.2) 

Q = weight flow ra t e ,  lb/hr 

3.1.1 K-FACTORS 

The K-factors l i s t e d  in  Table 1 below are computed by the program 

In the tab le  below the veloci ty  used to from input supplied by the user. 

compute the f r i c t i o n  head loss i n  equation 3.11 i s  ident i f ied  as  e i the r  1 

fo r  i n l e t  veloci ty  o r  2 f o r  ou t l e t  velocity. 

by a constant, a simple tab le  of values, or an algebraic expression are 

given i n  Appendix B. 

having wall  roughness on the order of smooth tubing, while "piping" r e fe r s  

K-factors which are not given 

I n  the descriptions below "Tubing" r e f e r s  to f i t t i n g s  

to f i t t i n g s  havirg wal l  roughness on the order of ca s t  pipe. Linear in te r -  

polation i s  used i n  the tab les  f o r  pipe f i t t i n g s  t o  determine K-factors f o r  



intermediate values of inside diameter. 

than 0.5 inches are  assigned the K-factor fo r  0.5 inches; f i t t i n g s  w i t h  in- 

side diameters greater  than 4.0 inches a re  assigned the K-factor f o r  4.0 

inches . 

Fi t t i ngs  w i t h  inside diameters l e s s  
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TABLE 1 - K-FACTORS 

Description Velocity 

30" or  45" Tubing branch -flow out 
thru branch 

60" Tubing branch - flow out thru 
branch 

90" Tubing branch - flow out t h m  
branch 

45" Tubing branch from 90" elbow - 
f l o w  out thru branch 

7" Tubing branch from 90" elbow - 
flow out th ru  branch 

15" Tubing branch from 155" elbow- 
flow out th ru  branch 

135" Tubing branch - flow out t h m  
branch 

45" Tubing branch - f low thru main 

90" Tubing branch - flow thru main 

135" Tubing branch - flow thru main 

45" Tubing branch - flow i n  thru branch 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Ref. - K- f ac t o r  

(See Appendix B) 

(See Appendix B) 

(See Appendix B) 

(See Appendix B)  

(See Appendix B) 

(See Appendix B) 

K=O .1 

~=3.0 rGz2 
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TABLE 1 - K-FACTORS (continued) 

Description Velocity K - f  actor  

90" Tubing branch - flow i n  thru 1 K = l  a 2 
branch 

135" Tubing branch - flow i n  thru 1 
branch 

Tubing bend, 0 deg. 

90" standard piping elbow 

1 

1 

45' standard piping elbow 1 

90" long piping elbow 1 

Standard piping t ee  - flow thru  main 1 

Standard piping t e e  - flow thru branch 1 

Close re turn  piping bend 1 

Gradual contraction 

Gradual expansion 

Sudden contraction 

Sudden expansion 

O r  i f  i ce  1 

Ref. 

2 

- 

K=O .5 2 

(See Appendix B) 3 

I.D. 0.5 1.0 2.0 4.0 2 
K 0.82 0.68 0.58 0.50 

I.D. 0.5 1.0 2.0 4.0 2 
K 0.43 0.36 0.30 0.26 

I.D. 0.5 1.0 2.0 4.0 2 
K 0.55 0.45 0.38 0.33 

I.D. 0.5 1.0 2.0 4.0 2 
K 1.7 1.4 1.2 1.0 

I.D. 0.5 1.0 2.0 4.0 2 
K 1.4 1.2 0.96 0.82 

(See Appendix B) 2 

(See Appendix B) 2 

(See Appendix B) 2 

K = ( 1 - $ ) 2  2 

(See Appendix B) 4, 7 
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3.1.2 EQUIVALE2TT LENGTHS 

The equivalent lengths (Le/D) l i s t e d  i n  tab le  2 below are computed 

by the program from input supplied by the user. The following relat ionships  

are  used by the program to compute the  f r i c t i o n  factor :  (Reference 6): 

- 64 f o r  R 42100 
(3.15) f = R 

f o r  R L 4000 - 
Where: R = Reynold's number 

Q = Weight flow ra t e ,  lb/hr 

D = Inside diameter, in .  

p = Viscosity, lb/ft-hr.  

f = f r i c t i o n  f ac to r  

e = Roughness, in.  

In  the t r ans i t i on  region (2100 < R < 4000) interpolat ion i s  performed 

between the value of the f r i c t i o n  fac tor  a R=2100 and the  f r i c t i o n  fac tor  a t  

R=4000. 

The equivalent length values i n  Table 2 are fo r  f u l l y  turbulent flow. 

A correction i s  made fo r  laminar flow a s  follows (Reference 4): 

for  R < 1000 

The equivalent length and f r i c t i o n  fac tor  values described above are  

used i n  equation 3.12 to compute the f r i c t i o n  head loss.  
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TABU 2 - EQUIVALENT LENGTHS 

Ref. - D e s c r  i p  t ion Le/D 

Straight pipe (Pipe Length)/(Inside diameter) 

Tubing bend, 8 deg. l . l O R  0.032 (Le/D)=0.0202 X 8 5 

r / D  1.0 1.5 2.0 2.5 3.0 4.0 
x 3.0 1.7 1.3 1.2 1.3 1.8 

r / D  5.0 6.0 7.5 
X 2.1 2.7 3.5 

X = 0.482 r / D  for  r / D  > 7.5 

r = Bend radius  

D = inside diameter 

R = Reynold' s number 

90" standard pipe elbow 

45" standard pipe elbow 

90" Long pipe elbow 

(Le/D) = 30.0 

(Le/D) = 16.0 

(Le/D) = 20.0 

Close return pipe bend (Le/D) = 50.0 

Gate Valve (Le/D) = 13.0 

Swing Check (Le/D) = 135.0 

Angle Valve 

Globe Valve 

(Le/D) = 145.0 

(Le/D) = 340.0 

Standard pipe t ee  - 
flow thru  main 

(Le/D) = 20.0 

Standard pipe t ee  - 
flow thru branch 

(Le/D) = 60.0 2 

3.2 FLUID DENSITY AND VISCOSITY 

The densi ty  and v iscos i ty  (as  a function of temperature) of NaK, 

l i qu id  mercury, and 4P3E used by I"AN was obtained from reference (8); tha t  

of l i qu id  water was obtained from reference (9). The data i s  coded i n  tabu- 

l a r  form i n  the program and subroutine INT4 (see r e f .  10) i s  used t o  perform 

interpolat ion i n  the tables .  



3.3 SOLUTION PROCEDURE 

The s e t  of equations represented by (3.10) may be wr i t ten  i n  matrix 

form a s  follows: 

Where : 

7 

b12 b I N  

b22 

: 

. bm 
_. 

.a 

N = number of Branch Points  

L 

N+M 

J=1 GIJ bII = C 

M = number of End Points  

P = pressure a t  Branch Point I I 

N 
F = - C  k G I J ( E I J + A p  IJ ) - + X ~ Q ,  
I J=l 

J#K 

P = f ixed pressure a t  an End Point L 
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Gaussian elimination ( w i t h  pivoting) i s  used to solve the system of 

equations (3.18) fo r  P1, . . . , PN. 
each Branch'not having a fixed flow r a t e  i s  computed as: 

The new estimate fo r  the flow r a t e  i n  

&'I- - &Ij  

1 
(3.19) gtIJ = 2 { %J 2 GI- [ '1 - ~j 2 (EIJ + A p I j >  ] } 

1 

i s  the new flow r a t e  estimate IJ Where : 

i s  the old flow r a t e  estimate '1 J 
1 

The Q IJ are  used t o  compute a new se t  of G and pump A P ' s  which 

are i n  turn subst i tuted i n  the system of equations (3.18) which are  solved 

IJ 

'A 9 

f o r  a new s e t  of P I s ,  . . . e tc .  This process continues u n t i l  suf f ic ien t  I 

convergence of flow r a t e s  i s  obtained. 

3.3.1 CONVERGENCE CRITERIA 

In  any i t e r a t i v e  solution process it i s  necessary to have some method 

of deciding when a su f f i c i en t ly  accurate solution has been achieved or, 

f a i l i n g  this, a method of terminating the process a f t e r  some reasonable 

number of steps. A good estimate of the  accuracy of the solution a t  any 

point i s  the "closeness" of two successive estimates of flow ra tes .  The 

i t e r a t i v e  process i s  terminated i f  e i t h e r  of the following relat ionships  

Where: & I I J  i s  the new estimate for  the  flow r a t e  i n  Branch IJ 

38 



i s  the old estimate f o r  the flow r a t e  i n  Branch IJ ‘IJ 

c i s  the absolute error  tolerance A 

‘’ IJ D i s  the smaller of 

‘1 J and 

8 i s  the r e l a t ive  error  tolerance R 
If the c r i t e r i a  given above are  not met a f t e r  the nurnber of i t e r a t i o n s  

specified by the user have been performed, the i t e r a t i o n  process i s  halted 

and an error  message i s  printed.  

3.3.2 STABILITY AITD RATE OF CODVERGENCE 

A s  an i l l u s t r a t i o n  of the behavior of the i t e r  ion procedure, 

consider a system with a fixed pressure drop across it. 

10 100 

Fixed 
Pressure Pres sure 

Star t ing w i t h  an i n i t i a l  estimate of the flow ra te ,  Qo, the r e s i s t -  

ance i s  determined. Using the resistance and the fixed pressure drop a new 

estimate of the flow ra t e ,  Q i s  determined, . . . etc .  A graphical 

example of th i s  process follows. 

1’ 
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It i s  evident from the  f i rs t  four i t e r a t i o n s  tha t  the process i s  diverging 

from the solution. In  order t o  remedy th i s  s i tua t ion ,  l e t  the new estimate 

f o r  the flow r a t e  be: 

- 1 
Qn-t l -  (Qn + (+I) 

Where: Q'n+l i s  the flow r a t e  determined by the method used above. 

A graphical example w i t h  this new flow r a t e  follows. 
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- t;b"/ 

Q 
It i s  evident tha t  th is  modified i t e r a t i o n  procedure converges rapidly 

t o  the correct solution. A s  a flnrther i l l u s t r a t i o n  of the behavior of the 

i t e r a t ion  procedure, consider a system w i t h  a pmp. 



Star t ing  with an i n i t i a l  estimate of the flow r a t e ,  Qo, the resis tance 

and the  pump A P are  determined. Using the res i s tance  and the  p a p  A P a 

new estimate of the  flow ra t e ,  Q i s  determined, . . . etc .  A l l  pump A P ' s  

a f t e r  the i n i t i a l  one a re  computed as: 

1, 

1 A P = 2 ( A  PN + A P'N+l) 
N + l  

Where A P' i s  the value of pump A P which corresponds t o  %+l. 

A graphical example of t h i s  process appears below. 

The example indicates  tha t  the  i t e r a t i o n  process converges t o  the 

solution rapidly.  

42 



4.0 REFERENCES 

Daniels, C.M. and Pelton, H.A., "Pressure Losses i n  Hydraulic 
Branch-Off F i t t ings" ,  Product Engineering, Ju ly  20 1959, pp. 61-62. 

Dodge, L. , "Local Resistance + Fluid Flow", Product Engineering, 
March 2, 1964. 

North American Aviation Report 1808, 1951. 

Crane Technical Paper No. 410, "Flow of Fluids", Crane Indus t r i a l  
Products Group, 1957. 

Perry, J. H., Chemical Engineer's Handbook, McGraw H i l l ,  1950, 
p. 390. 

pp. 3-12, -14. 
Streeter ,  V. L., Handbook of Fluid Dynamics, McGraw H i l l ,  1961, 

@ink, L.K., Pr inc ip les  of Flowmeter Engineering, The Foxboro 
CO., 1958, p. 25. 

Aerojet-General Corp. Design Manual H-100B, "Properties of 
Fluids", sect ion IV-2, 1.9 February 1968. 

Kreith F., Pr inc ipa ls  of Heat Transfer, In te rna t iona l  Textbook 
Coo, 1964, P. 537. 

Programmer's Reference Manual, Computing Sciences Dept., 
Aerojet-General Corp., Azusa, 1970, pp. 25.13-1, -2. 

43 



A P P m D I X  A 

MUFAU Program L i s t i n g s  



i 
I 
1 

I 
i 
t 
I 
I 
I 
I 
I 
I 
I 
I 

I I 

I 

I 
1 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

I 

f 

I; 

I 
I 
I 

I 

i 
I 

1 
I 
I 
I 
I 

'6 
J N  

& I  

'o\ 
J N  

e o  
2 0  
- b  

) Q  
2 0  
1 9  

) O  
2 0  
2 0  
1 0  

4 d  

t 
I 
t 

I 
I 

1 
I 

I 
I 
1 
I 
I 
I 
I 
I 
t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
f 

I 
I 
I 
I 
I 
I 

I 

I 
1 

I 
I 
I 

i 

t 
I 
t 

i 
t 

I 

1 

I 
i 
I 

I 
I 
I 
1 

I 
I 
1 
I 

J U  

3c u '1. 
3c 3c 
t Q  

- I  

, I. 
r - 6  



> 
i3 

3c:  
c c  

c 
c 

3 c  

4 Q  







3 R  
J cw 
3 6  
3 Q  c a  



I 

I 
, 
I 

I 
I 
I 

I 
I 

I 

I 
I 

I 

I 
I 

0 
J. 
m 

0 c- 
a 
c3 

Q 

Lu 
a 

r* 

4 



3 
3 

I 
2a 
a '3 

3 
J 
t 
3 

3 
3 

1 

*I 

P 
b 
a 

3 9  



I *  (L 







e 
G 
c 

3 c  
L l L L  3 c  
3G! 
4.4  









c 
E“ 

3 3  

. ’  * .  
1 \ 6  





3 
3 
u 

I "  I' 

Q * 
Cl 



r * I  

P C P  
J N  

I ,In- 

J \ I  a l  

N 



. * ,  
r ' 6  
U r V  

. w ,  

rcF 
U N  





I ,  - I  



0 
C 
r 
@ c 
c 

1 
f3 u 
v 
I 

? 
e 

2 u 
2 

u 
c 
5 
1 ". 
f ." - 
c 
1 
C 

F 
0 
P 

c 
C 
! 

c 
L 
b 

I 

.r 

c 
c 



'PcPP 
J N N N  I 





,. - 

J 



I. - . ..,*-. - ' c r  
JN 







u 
3 
ZL 



I! 

ac 
aL 
w 

r - 1 1 1 1  I .  

3 



P 
5 



I 
2 'a 5 3  
> c  
L W  
3 a l  
0 
N 





c 

C 
J 
3 

* 

d 
II 

P 

z: 
I 

3 
I 

c 



P P  
JnJ 

Ira 
u n  



Irr 

c; 
6 





' P  
J r Y  





I 





Q @ @ 6  
J rVlN N 

Q 

E 







IL - 

I 

Q 

0 c 

-4 

8 
”., 

Q 
a 

Q 
0 

-4 

I 
w 

c n  
e a -  
J * $  
.‘Y 

ut- * -  
1. 

X -  







J I  



u 

a 
u 
c 



r PCP 
V N  

u 

Q 
I! 
E 
m 
if, 
2 

3 



1 * 
3 
x3 
4 

3 
tl 

n 
3 

3 u  



n $  
J N  

. * .  

4 N  



rn 

3 
2 

3 0  
Z N m  ,'Y 

P b  











' P  
J C Y  

0 
N 
w 
3 

P 

P C P  
JN 



h Q I  
J N  



"CP 

.. 
J 

3 c  







APPEITDIX B 
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