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SPACE POWER NOTE NO. 214 - June 15, 1967 

AUTHOR: G. Carlson 

SUBJECT: Heat Pipe Radiator Design 

ABSTRACT 

The design of a heat pipe radiator for SPR-6 is 
presented. A wide range of parameters may be 
quickly evaluated through the use of the computer 
code HPRAD4. A "near-optimum" desion yields a 46 
Mw radiator with a mass of 12,000 kq. 

INTRODUCTION 

The heat pipe radiator has been proposed as a solution to the problem 

of providing adequate meteoroid protection to the fluid carrying parts of 

a space radiator without sacrificinq heat transfer capability (see SPN-198, 

Werner). The heat pipe radiator consists of an appropriate lenqth of fluid 

carrying manifold into which one end of each of a large number of heat pipes 

is inserted to a depth suitable for heat transfer. The heat from the con­

densing manifold fluid is transferred almost isothermally along the heat 

pipes and radiated to space. Because a large number of independent heat 

pipes are involved, they can be designed for a minimum mass by an appro­

priate tradeoff between individual pipe protection and redundancy . The 

manifolding carries the same amount of meteoroid protection as would be 

required for any radiator piping design. 

HEAT PIPE OPERATION AND HEAT TRANSFER 

The advantages of introducing the heat pipe principle to produce 

space radiators of low mass and minimum planform area lies in its unique 

feature of being a lightweight, geometrically adaptable, isothermal de­

vice capable of transporting large quantities of energy. 

R. English and D. Guentert, "Segmenting of Radiators for Meteoroid 
Protection", ARSJ Vol. 31, No. 8, August 1961, pp. 1162-1164. 
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A heat pipe, a nearly empty cavity, is a self-contained, thennal con­

ductance device devoid of moving parts which transfers heat as latent 

energy by evaporating a working fluid in a heating zone and condensing the 

vapor thus produced in a cooling zone. The heat pipe transports heat at 

substantially isothermal conditions. The pipe has only three components 

(1) a container, (2) a capillary wick, and (3) a heat transfer fluid. It 

has two principal regions (a) the evaporator, where heat is absorbed in 

the form of latent heat of vaporization and (b) the condenser where heat 

is rejected by condensation. Fluid return is via the wick and capillary 

pumping. 

t 

- Container (1) 

Capillary (2) 
Structure 

uid in (3) 
Saturated 

FIGURE 1 
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The necessary condition for heat pipe operation 1s that the capillary 

piBTiping force be equal or greater than all the losses in the cycle. In 

general form: 

PRESSURE 
RISE DUE TO 
CAPILLARY 
FORCES 

PRESSURE 

DROP IN 

THE LIQUID 

PRESSURE 
HEAD IN 

LIQ. DUE TO 
GRAVITY 

PRESSURE 

DROP IN 

THE VAPOR 

For pipes in which the capillary structures is a series of axial grooves 
2 

or channels covered with a single layer of mesh the applicable equation is: 

3riQZ 

4bTrLp^ryr^' 
p^gZsine 

?.-2 (l-4/7r-)Q 
4 7 (1) 

Equation (1) assipnes that the intervening wall between grooves is 

negligibly thin at the inner radius (the wall is of triangular rather than 

trapezoidal cross section). :; ; 

Equation (1) can be expressed as 

AQ^ + D 

^c ^c 

(lA) 

where 

1 - 4\ 

8p r L 
^v V 

2J-^ , D = p̂ gZsinc}) , B 
3nZ 

4buLp^ry 
and C = 2YC0se 

t 
"G. M. Grover, J. Bohdansky, and C. A. Busse, "The Use of a New Heat 
Removal System in Space Thermionic Power Supplies", EURATOM EUR-2229e 
(1965). 
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Solving for Q 

B ± B^ - 4Ar,^ { Dr^^ - Cr^j 

2Ar, 
(2) 

Differentiating (lA) with respect to r^ and setting - ^ = 0 yields 

Ar. 
B^ - 4ADr̂ '̂  + 4ACr ^ c c 

1/2 

Ar. 

ACr. 
(3) 

which may be rewritten 

'^M'^^o 
AC 

2B: 

AC 
= 0 

For the case where the gravity term is zero (i.e., in space or for 4> = 0) 

the optimum value for r is 

2B' 
J/3 

""opt I AC 

and in the absence of gravity the axial power is 

(4) 

B + 
0 = \| 

2 3 
B^ + 4Ar^'* C 

c 

2Ar. 
(5) 

For the special case of optimum r and max power 
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COMPUTER DESIGN OF THE RADIATOR 

The computer subroutine HPRAD4 is a fast running code which designs a 

heat pipe radiator for a given set of Input parameters. Very little 

optimization is carried out Internally, but optimum designs can be quickly 

found by calling the subroutine with different input data sets. This dis­

cussion follows the order of calculations carried out by the code. 

Input Data 

The input data includes the mass flow rate of the working fluid to 

be condensed as well as its inlet temperature and quality and maximum allow­

able fractional pressure drop. The input data also includes the mission 

time, the design survival probability, an overall condensing heat transfer 

coefficient for the working fluid, and the maximum allowable wall stress 

for the piping. The input data set is completed by specifying three 

heat pipe parameters: the inside diameter (including wlcking structure), 

the heat pipe input flux, and the axial flux safety factor. These last 

two variables will be explained in the heat pipe design discussion. 

Material Properties 

Material properties are required for the structural materials and for 

the working fluid and heat pipe fluid. The structural material properties 

are assumed to be essentially constant over the tenperature range of the 

radiator. The properties required in the code are the density and modulus 

of elasticity for the heat pipe material, the manifold and supply line 

material, and the meteoroid barrier material. The thermal conductivity 

of the barrier material is also specified. The fluid properties are ob­

tained from two fluid property subroutines, KVAP and TRANP. After 

specifying the working fluid these subroutines provide the following 

property data: inlet pressure and enthalpy; outlet pressure, temperature 

and enthalpy; mean values at Tp = [ T. + T .]/2) for the viscosity and 
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specific volume of the saturated liquid, for the f̂ pecific volume of the 

saturated vapor, and for the rate of change of the specific volume of the 

saturated vapor with respect to the pressure. Each heat pipe is considered 

to be exposed to the working fluid at its mean temperature Tp. The heat 

pipe temperature Tp (assumed to be essentially constant) is calculated as 

Tp = T p - n u 2 L (7) 
^ ^ H 

where Flux is the heat pipe input flux and H is the condensing heat trans­

fer coefficient. (The heat pipe Input flux must be maintained below some 

value at which boiling in the wick structure becomes a danger. Heat pipes 
2 3 

have been successfully run at input fluxes in excess of 100 watts/cm . 

The input parameter Flux Is generally chosen to be less than this number.) 

After specifying the heat pipe fluid the fluid property subroutines pro­

vide the following data: surface tension; heat of vaporization; pressure; 

viscosity and density of the saturated liquid; and viscosity and density 

of the saturated vapor. 

Heat Pipe Design 

The heat pipes are assumed to be right circular cylinders. The wick 

structure consists of axially-dlrected rectangular grooves cut on the in­

side walls of the heat pipes. The heat pipe equations used imply adjacent 

grooves (the groove separation is zero at the vapor duct radius) and a 

single layer of screen covering the grooves. 

The ratio of the length of the heat pipe condenser section to the 

length of the evaporator section is calculated as 

V H(T. - Tp) 

£g aeFTp 

^J. E. Kemme, "Heat Pipe Capability Experiments", LASL 3585-MS, Oct. 1966. 
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The vapor duct radius of the heat pipe r is chosen to be some fraction of 
the Inside radius of the pipe r . It can be shown that an optimum heat 
pipe (in terms of maximum axial heat flow) is obtained for 

5r 
r^ - -^ (9) 

6 

Because an off-optimum heat pipe may sometimes result in a system mass 
reduction, the r , r relation given by equation (9) should not be con­
sidered Inviolable. . -

An Iterative procedure is carried out to determine the appropriate 
length for the heat pipe. A lenqth Z is guessed and the heat pipe equa­
tions (4) and (6) are used to calculate the optimum groove half width r 
and the maximum axial heat transfer 0 . (The only variable in these 
equations which has not yet been mentioned is the wetting angle 6. In 
the absence of any exact information 6 has so far been considered to be 
zero.) Q is then divided by the axial flux safety factor SF. 

Q " -r," 
0 = -^^ • (10) 

SF 

0 Is the design heat transfer for the heat pipe. SF has been varied be­
tween 1 and 5. A higher than unity SF serves two purposes. It results 
in a shorter heat pipe which reduces the meteoroid vulnerability and it 
safeguards the heat pipe by selecting an operation level below the cal­
culated maximum. The heat into the heat pipe is now calculated as 

Qin = 2 ^ ^ v V ( ' F - " ' p ) ••• ^^'^ 

The evaporator length i is obtained by combining equation (o) with the 

geometric relat ion 

Jl + £ =Z (12) 
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Qj^ is now compared with the design heat transfer for the heat pipe Q. The 

guessed value for Z is revised until the tvyo heats are identical. At this 

point the Individual heat pipe Is designed. The three heat transfer terms -

convection to the pipe, axial transfer in the pipe and radiation away from 

the pipe - are all equal. 

The number of heat pipes necessary to condense all of the working fluid 

is calculated by dividing the total heat of condensation by the design heat 

transfer for the individual heat pipe. 

The final heat pipe calculations are those concerned with meteoroid 

protection. As fully explained in Appendix A the survival of the necessary 

number of heat pipes is assured through an appropriate tradeoff between 

Individual pipe protection (by virtue of its structural wall) and the addi- • 

tion of redundant pipes. 

Manifold Design 

Having calculated the heat pipe dimensions as well as the total number 

of pipes N (Including the redundant pipes) the code proceeds to design the 

manifold, in which the workina fluid flows past the evaporator ends of the 

heat pipes. The manifold is considered to be a right circular cylinder 

pierced by heat pipes as showr in Figure 2. 

] ii -I I ^ 

\, 

FIGURE 2 
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There Is one heat pipe per axial plane in the manifold. The condenser 
ends of the heat pipes (outside the manifold) form a plane. The evapora­
tor ends of the pipes may be bent so as to present a staggered view to the 
working fluid flowing through the manifold. Given this arrangement the 
manifold Inside diameter and total length is straightforwardly calculated 
from the heat pipe diameter, heat pipe evaporator length, and total number 
of pipes. 

Next, the manifold is divided Into parallel segments to reduce the 
pressure drop of the condensing working fluid. In order to insure sym­
metric radiator planforms only even numbers of segments are considered. 
The pressure drop In a manifold segment is calculated as described in 
Appendix B using the working fluid properties, the dimensions of the mani­
fold segment, and the mass flow rate per segment. The wetted perimeter S 
and the flow area A are calculated as 

S =(Tr + 2)D^ i • . • . (13) 

and 

A « IL D^ - D D (14) 
c ^ m p m ^ 

where D„ is the inside diameter of the manifold and D„ is the outside m p 
diameter of the heat pipe. Manifold segmentation is continued until the 
calculated pressure drop is less than the maximum allowable value. (The 
total allowable pressure drop is assumed to be equally divided between 
the manifolds, feed line, and return line.) 

Radiator Planform 

The manifold segments are arranged as shown in Figure 3 and connected 
by feed and return lines. Figure 3 shows the radiator in an axial feed 
line orientation. Figure 4 shows the same planform in a lateral feed line 
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orientation. The computer code chooses whichever orientation results in a 

radiator whose axial dimension is greater than its lateral dimension. This 

restriction can be important to the total system because the shield size 

increases with radiator width. The simplicity of this orientation selection 

does have some drawbacks. In the almost square case the lateral feed line 

orientation will result in a heavier system because of the extra feed line 

leg. The lateral feed line orientation also results in the shadowing of 

some of the heat pipes by the feed line. This complication is ignored in 

the code. However, these drav;backs are academic for the 45 - 50 Mw radia­

tor because the optimum radiator designs have been found to be in the axial 

feed line orientation. If the code is to be used to design much smaller 

heat pipe radiators (with fevjer manifold segments), it may be necessary 

to change the planform and orientation restrictions. 
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Feed and Return Line Design 

The feed and return line lengths are easily calculated knowing the 

manifold and heat pipe dimensions and the orientation of the radiator. 

Then the lines are sized usinq the pressure drop criterion. 

1. The Feed Line 

The feed line is assumed to carry the working fluid at a constant 

quality equal to its inlet quality. The pressure drop is calculated (see 

Appendix B) for a constant diameter pipe which carries the total flow 

rate of the v/orking fluid. The pipe length used in the calculation de­

pends on the radiator orientation. In the axial feed line case the radi­

ator length is used; in the lateral feed line case half the length plus 

half the width is used. The diameter D is increased until the pressure 

drop is less than the maximum allowable value. 

After D has been determined the feed line may be tapered since the 

mass flow rate decreases linearly as a function of position along its 

distribution length. For a constant pressure gradient an approximate 

solution to the pressure drop relation for a linearly decreasing flow 

rate yields 

0.375 " -• . 

(15) 

where 

Do. is the feed line diameter • . 

D (as previously calculated) is the feed line diameter at the 

beginning of the distribution length 

x is the position along the distribution length 

X is the total distribution lenqth .1̂  

'n 
I - ^ 
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2. The Return Line 

The return line is assumed to carry the working fluid in an all liquid 

state. The pressure drop is calculated for a constant diameter pipe. In 

both radiator orientations half the flow rate is assumed to travel the 

length of the radiator plus half its width. The diameter of the line is 

increased until the pressure drop is sufficiently low. The return lines 

are not tapered because the resulting mass reduction would not be 

significant. 

Line and Manifold Wall Thicknesses 

The line and manifold wall thicknesses t. are calculated from the 

simple hoop stress relation using the inlet pressure of the working fluid 

P. , the allowable stress a as specified in the input, and the appropriate 

diameter D. 
1 • 

P. D. 
t. = - ^ - J - (16) 
^ a 2 

In some cases this calculation may result in an unrealistically low wall 

thickness. In such cases the thickness (and pipe mass) may be scaled up 

as desired. 

Meteoroid Protection of Lines and Manifolds 

The lines and manifolds are now provided with a layer of armor of 

sufficient thickness to provide protection from meteoroids. This appli­

cation of the barrier thickness equation is discussed in Appendix A. In 

general, the meteoroid armor is considered to be of different material 

than the ducting it protects. However, the case of thick-walled, "self-

protecting" ducting may be calculated by specifying equal material 

properties for the ducts and amior. 
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Heat Rejection from Manifolds and Feed Line 

The heat radiated directly to space from the armored manifolds and 

feed line is calculated. The surface temperature of the amor used in 

this calculation is determined by considering three temperature drops: the 

working fluid to pipe wall temperature drop (using the condensing heat 

transfer coefficient), the pipe wall to armor temperature drop (using a 

contact heat transfer coefficient), and the conduction temperature drop 

across the armor. 

The number of heat pipes may now be reduced because some of the heat 

(approximately 10%) is rejected by the ducting. The code returns to the 

manifold design section and designs a radiator with an appropriately lower 

number of heat pipes. Revision of the number of pipes followed by a re­

design of the manifolds and lines is continued until the total heat re­

jection matches the total heat load. 

Mass Calculations 

The total radiator mass is calculated as the sum of the masses of 

six components: the heat pipes, the heat pipe fluid, the manifolds, the 

feed line, the return lines, and the meteoroid amior. The working fluid 

Inventory in the radiator is also calculated, but this mass is not in­

cluded in the total radiator mass. 

The following is a copy of a portion of the HPRAD4 code output which 

illustrates the design of a specific radiator for SPR-6. A listing of 

the code appears in Appendix C. 



\m' 

'^ 

~ \ 

0 

t 

-S^ - •* ^*«^t -XWr^-S . ' • - . , • -

SPN NO. 214 - June 15 , 1967 

HPRAC^,hEAT PIPE RADIATOR 

INPL7 CATA 
RACIATOR INLET TEr'P^DEG K= I.IOOE+IOB 
FLCW RATE,G/SEC= 2 .850E+:0^ 
INLET QUALITY= e . 5 0 0 E - C l 
MAX FRACTICNAL P DROP CF PRINARY" 5 . 0 0 0 E - 0 2 
L l l - h T l N b , H R = i . L U U t + UA 
SURVIVAL PRCB* S . 9 0 C E - C 1 
HEAT COEFFt^^/C^' /C^' /DEG K= ^ . 2 5 C E + 0C 
MAX INPUT F L I X ,V«/CM/CM^ 5.CCCE + 0 I 
AXIAL FLUX SAFETY FACTCR= 2.CCCE+00 
HEAT P IPE IC INCLUDING W l C K l N G , C f = 1 .5C0E+00 
PRIMARY P I P I N G SJKtSS»BAR= 3.5C0E+;02 
HPP,AVERAGE HITS PER HEAT F IPE= l . O C O E - G l 

END OF I N P I T DATA 

M A l h R l A L UbNb l i I b S , l , / C f « » J 
HEAT PIPE= 8 . 5 6 0 E + 0 0 
^ANIFCLC AND L I.NE= 8 .56CE + 00 
eARRIER=; 1.86OE-«i0C 

MATERIAL MCCLLUS CF ELASTIC ITY,DYNEyCM««2 
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« 

(Niobium) 
(Niobium) 
(Beryllium) 

HEAT P1PE= l . l U C E - + i 2 
EARRIER=5 2 . 1 0 0 E - M 2 

BARRIER CCNCLCTIVI .TY,W/Cr^ /K= 6 . 0 0 0 E - 0 1 
MAMFCLD-BARRIER INTERFACE HEAT CC EFF , .W/CM«*2/K= 5 . 6 7 0 E * 0 0 

AVERAGE PRIf 'ARY FLUID l ^ K U P b K l l t b 
L i e V I S , G / S E C / C N = 1..C85E-C3 
L i e CENS,G/CN««3= 5 . A 8 7 E - 0 1 > . - „ " 
VAP 0 E N S , G / C f « * 3 = 8 . 2 2 7 E - C A 
DVGCP,CM.*»5 /G/DYNE=-5 .78 2 E - 0 ^ 
ENTHALPY CHANGE,DYNE CN/Gn 1.6C2E+1C 

HEAT P IPE FLUID PROPERTIES ^ " " . 
iSLRF T INS ,€YNE/CM= 6 . 1 2 6 E + : C l 
L i e V I S , G / S E C / C f = 1 .1CCE-C3 
VAP V I S , G / S E C / C N = 2 .CC5E-CA 
L i e CENS,G/C f ' ««3= 5 . 5 A 3 E - C 1 " 

VAH U E N J J , 6 / 0 1 ^ * * 3 = / . 5 A 1 E - C A 

HEAT CF VAP,CYNE CM/G= . l . e e e E + l G 

HEAT REJECTICN RECU LRED, KVi= ^ . 5 6 6 E + CA ' 

HEAT PIPE TENP,CEG K= . l«Oe5E-*03 ^ " EARRlhR SURFACE lEMP^ i . O t i l E + O J 

CALCLLATBD FEAT REJECT ICN , KV»= ^ . 5 6 7 E + 0A 
HEAT REJECTICN .EREAKDOUN , PERCEN TS 

FEAT P I P E S * 8 9 . 5 9 ^<AMFCLCS^ 7 . 9 6 

PKtS.SLKb IN UAKS 
HEAT P'IPE -PRIMARY I N PRIMARY OUT 

1.6^eE4:C0 L . 8 6 3 E * C 0 i . 7 7 c e - ^ c o 

IPotassium) 

(Potassium) 

" I 

FEED L U e * 2.<t5 

_- _ 1 

- 1 

• 1 

1 
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C V*ICK 
1.5CCE+00 

TH PIPE 
6.7A6E-02 

L EVAP 
7.872E+G0 

L CCND 
8.7A0E+CI 

DI NAN 
e.CACE+;oc 

L NAN 
3.677E*0A 

R CAP 
2.043E-02 

GROOVES 
96 

PIPES 
22489 

MASS FLOW IN FEAT PIPE,GM/SEC= lJC71E+CG 
RACIAL REYNCLCS NC= l'.0aGE + C2 ' (ANALYSIS VALID ONLY 'IF MUCH GREATER 

THAN ONE) 

MAX HEAT PIPE VALL STRESSES ,eARS 
COMPRESSION CF PUNCTURED PIFE= 2.258E+:01 
TENSICN OF V»hCLE PiPE^r l . e32E + C l 

PARALLEL MANIFCLD S E G M E N T A T I C N 

SEGMENTS 
^4 

REY NC 
I .C9 8E.+ G5 

FR P CROP 
1 . 2 U E - G 2 

SEGMENT LENGTH 
8.356E-J-02 

ORIENTATION,AXIAL FEED LINE,LATERAL NANIFCLDS 

JFE E^_L IJ1E_I^,CMj:_5. 8 36 E + 01 _ „FR^_P_^_0P.r_-L?554E-02 
I TOTAL LENGTH,CM= 2.096E + 03" 

RETURN LINE IC,CMn 1.3CGE+CI 
1 TOTAL LENGTH,CM= 5.863E+03 

FR P DROP'S 1.452E-G2 

NOTE,FEED LINE ID IS AT ENTRAACfc,LIS IRIHUI lUN L t N G U l JS_rAPbKbU, 
I AS ( i - X / L J . * * U . i / i > 

PIPE V»ALL THICKNESSES,CM 
MANIFCLD FEED LLNE 

2.1^CE-G2 1 . 5 5 ^ E - 0 I 
flETURN LINE 

3 .461E-02 

METEQRCID BARRIER TH ICKNESS,CM= l .Ge7E + G0 

MANIFCLDS 
RACIATOR MASSES IN KG 
HEAT PIPES H PIPE LIQ 

7.CClE+:03 
I FEED L INE 

"^TTTTE^O-?^^—^ 7 . 1 1 ^ E-t-O 1— 

b.a2Ab+U2 
RETURN LI'NBS 

i.70tE+,ar 

T C T A C MASS= U~1'?6E + 0 4 

MASS PERCENTS 

BARRIER 
r^,.5.60E-»;03 

h PIPE 
59 ,54 

HP LIQ 
4 . 9 5 

MAN 
1 . 4 5 

FEED RETURN BARRIER 
3 .17 0 .60 30 i28 

RAC LENGTH,CM* 2.191E+03 RAD V>ICTH,CM= 1.756E + 03 

PRIMARY f L L I C MASS,KG* 5.2C5E-»'C2 
: DISTRIBUTICN CF PR'IMARY FLLlC,MASS PERCENTS 

FEED. MAN RETURN 
U.6U i / . i ! > T2T05-

„_.± 
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HPRAD4 DESIGNS FOR SPR-6 RADIATOR ' , -,': 

Introduction 

The SPR-6 power system requires a radiator capable of rejecting 

approximately 45 megawatts of heat. This heat rejection is accomplished 

through the condensation of a 28.5 kg per sec flow of potassium, which 

enters the radiator at a quality of 85%. The radiator is to be designed 

for a 10,000 hour mission with a 99% probability of survival. The com­

puter code HPRAD4 has been used to investigate the effect of various 

parameters on heat pipe radiator irass. While the parameter variation 

has not been exhaustive, enough has been done to specify a "near-optimum" 

radiator design. 

Heat Pipe Input Flux and Axial Flux Safety Factor 

The heat pipe input flux and axial flux safety factor jointly deter­

mine the length of the individual heat pipe as well as its separation 

into evaporator and condenser sections. For a given length heat pipe 

higher input fluxes mean shorter evaporator sections and longer condenser 

sections. This can be advantageous because heat rejection goes up with 

heat pipe condenser area. Also, heat pipe manifold size and mass de­

creases as the heat pipe evaporator section becomes shorter, iiowever, 

these advantages to a high input flux are eventually overtaken by the 

disadvantages: longer heat pipe condenser sections require thicker v/alls 

to provide the same meteoroid protection and small manifolds require much 

segmentation which increases the amount of feed line pioinq. Thus there 

exists an optimum value for the heat pipe input flux. It can also be 

argued that there should be an optimum value for the axial flux safety 

factor. Given a ratio of condenser section length to evaporator section 

length, higher safety factors mean shorter heat pipes, but more of them. 

The shorter pipes may be constructed with thinner walls because of their 
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reduced vulnerability to meteoroids. However, this mass reduction tends 

to be offset by the amount of manifolding required to accommodate the 

increased number of heat pipes. Thus there exists an optimum value for 

the axial flux safety factor. 

Figure 5 shows the effect of the heat pipe input flux and axial flow 

safety factor on the total radiator mass. All of the results are for 

radiators using 1.5 cm diameter potassium-filled heat pipes. The piping 

is sized for a 5% pressure droo of the working fluid. A "near-optimum" 

radiator is seen to result for an input flux of 50 w/cm ' and an axial 

flux safety factor of 2. (The 75 w/cm safety factor unity case is not 

chosen because it is considered undesirable to operate the heat pipes at 

maximuni capacity.) 

Heat Pipe Diameter 

The total radiator mass is a strong function of the heat pipe 

diameter. As heat pipe diameter decreases the required wall thickness 

decreases. This results in a reduction in heat pipe mass, even though 

the number of heat pipes increases. At some point, however, this mass 

decrease is negated by the increased amount of piping required to accom­

modate the large number of small heat pipes. Figure 6 shows the effect 

of heat pipe diameter on total radiator mass. The results shown are for 
2 

potassium-filled heat pipes with an input flux of 50 w/cm and an axial 

flux safety factor of 2. The opti.Tium heat pipe diameter is seen to be 

between 1.0 and 1.5 cm. . • • • " • 

Heat Pipe Survival Probability 

As stated previously there is a tradeoff between individual heat 

pipe protection from meteoroids and the amount of redundancy included in 

the design. IT has been defined as -lnP(o) where P(o) is the survival 

probability of the individual heat pipe. F is the average number of 
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damaging hits per heat pipe. A low value for H means a high degree of 

protection for the individual heat pipe and little redundancy. It is shown 

theoretically in Appendix A that TT = 0.20 results in the minimum total heat 

pipe mass. Because the heat pipes do not make up the total radiator, 

however, it is to be expected that the minimum total radiator mass will 

occur for a somewhat lower "H. In Figure 7 It is seen that the optimum 

value of H is 0.10. The results shown are for 1.5 cm diameter potassium-
2 

filled heat pipes with an Input flux of 50 w/cm and an axial flux safety 

factor of 2. 

Radiator Survival Probability 

It has been specified that the radiator piping carry enough meteoroid 

armor to ensure a 99% probability of survival. Figure 8 shows the penalty 

which must be paid for survival probabilities in excess of 99%. The 

higher total mass at higher survival probabilities is due entirely to the 

increase in armor thickness. The arvior thickness increases from 1.09 cm 

at P(o) = 0.99 to 3.77 cm at P(o) = 0.9999. Mote that "adding a 9" to the 

survival probability approximately doubles the thickness and mass of the 

armor. 

Pressure Drop of Working Fluid 

Higher allowable pressure drops result in lighter radiators because 

manifold segmentation decreases and feed and return lines decrease both 

in length and diameter. Figure 9 shows the effect of varying the allow­

able pressure drop from 5% to 20?̂ . The mass reduction resulting from 

the Increased allowable pressure drop is seen to be rather small. In a 

system study this effect must be balanced with the increased Dumping re­

quired by the higher pressure droos. The results shown are for 1.5 cm 
2 

diameter potassium-filled heat pipes with an input flux of 50 w/cm and 

an axial flux safety factor of 3. 
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Heat Pipe Fluid 

It can be argued that sodium is a better heat pipe fluid than po­

tassium. However, the use of sodium-filled heat pipes for the SPR-6 

radiator does not necessarily result in a lighter radiator. Figure 10 

presents the same parameter variation as Figure 5 except that the heat 

pipes are sodium rather than potassium-filled. The minimum mass radiator 

of Figure 10 (at an input flux of 50 w/cm and a safety factor of 3) is 

actually 150 kg heavier than the minimum mass radiator of Figure 5. In 

one sense, however, the sodium heat pipe radiator is "better" than the 
2 

potassium radiator. At an input flux of 50 w/cm , the sodium design 

reaches its minimum mass at a higher axial flux safety factor than the 

potassium design. Thus, the sodium pipes operate at a lower fraction of 

their capacity than the potassiun pipes. Unfortunately, this "advantage" 

does not appear as a reduction in radiator mass. 
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COMMENTS AND RECOWiENDATIONS 

This section calls attention to two of the problem areas which have 

been recognized, but not thoroughly investigated. 

Subcooling 

It is necessary to subcool the working fluid in the radiator so that 

the unavoidable entropy increase in the pumps does not force the fluid 

under the vapor dome. In previous LRL radiator analyses the amount of sub-

cooling has been rather arbitrarily set at 100 R (55.6 K). 

While not explicity considered in HPRAD4, subcooling will occur due 

to the presence of the redundant heat pipes. An upper litnit on the amount 

of subcooling, AT, is given by 

AT = ^ (17) 

For 10% heat pipe redundancy it is clear that q . will be less than 10% 

of the heat of condensation. Thus, for SPR-6, 

^sub " ^-57 Mw 

w = 28.5 kg/sec 

C s 0.8 w sec/q-K 
P 

So, AT < 203 °K 

AT will be less than the limiting value because the temperature of the 

heat pipes in the subcooling section will be lowered considerably as a re­

sult of (a) the liquid metal heat transfer coefficient which is less than 

the condensing heat transfer coefficient and (b) the lowered source terap-

erature itself. 

For a constant mass flow rate the amount of subcooling will decrease 

with time as a result of heat pipe punctures. Control of the amount of 

subcooling has not been investigated. 
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An Additional Meteoroid Hazard 

Leakage from a manifold via a doubly-punctured heat pipe (one puncture 

outside the manifold, the other inside) is a meteoroid hazard that has not 

been quantitatively considered. It is felt, however, that this hazard is 

not serious. 

The double wall thickness of heat pipe provides considerable pro­

tection. As shown by equation (A.l) the average number of penetrations 

per heat pipe is inversely proportional to the fourth power of the wall 

thickness. Thus the average number of double penetrations per heat pipe 

is a factor of 16 lower than the number of single penetrations. The 

probability of a double penetration is further decreased by the bumper 
4 

screen effect. 

The probability of a double penetration that provides a manifold 

leakage path is much lov/er than the overall double penetration probability 

because only meteoroids with particular flight directions can effect such 

a "critical" double penetration. For the case of a 1.5 cm diameter heat 

pipe piercing a manifold covered with a 1.0 cm thick armor, only those 

meteoroids which pierce the heat pipe at an angle greater than 34 from 

the normal can possibly exit inside the manifold. This "critical" angle 

increases as meteoroid hits further from the manifold are considered. 

In addition to the reduced meteoroid flux which need be considered for 

"critical" double penetrations, the inclination of the "critical" 

meteoroid paths reduces the penetration because (a) the normal component 

of meteoroid velocity is proportional to the cosine of the angle from 

the normal, and (b) as indicated by oblique hypervelocity impact data, 

for angles greater than 50° penetration is less than that predicted by 

the normal component of velocity. " 

Loeffler, I. J., Lieblein, Seymour, and Clough, Nestor, "Meteoroid 
Protection for Space Radiators", ARS Paper #2543-62, September 1962. 
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The "critical" inclination angle may be further increased by the 

addition of a short collar around the heat pipe at the manifold barrier 

surface. For the case previously mentioned the addition of a 1.0 cm 

long collar would increase the "critical" angle to 53° from the normal. 

The mass of such collars is already implicitly included in the computer 

design code because the barrier mass is calculated for a cylindrical 

shell with no correction made for the heat pipe entry holes. 
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t 

2 
A » vulnerable area, f t 
A « flow area, cm 
c 

NOMENCLATURE 

1, ft 
2 

C = specific heat at constant pressure, W sec/g-K 

b =» groove height "̂  î^ - '"w. cm 

specific heat at c 

D = pipe diameter, cm 
2 

E = elastic modulus, lb/ft 

f " Darcy-Weisbach friction factor 

F = heat pipe view factor {2/-n for close-packed tubes) 
2 

g = acceleration of gravity, cm/sec 

g = gravitational constant 

2 
G = mass flow rate per unit area, g/cm sec 

2 
H => condensing heat transfer coefficient, W/cm -K 

H = -lnP(o), average number of penetrations on area A in time T 

I " axial pipe coordinate, cm 

i = length of heat pipe condenser section, cm 

£_ = length of heat pipe evaporator section, cm 
e 

L = latent heat of vaporization, dyne cm/g , 

N = total number of heat pipes 

P = pressure, bar 

P(o) = survival probability 

q, Q = heat flow, W or dyne cm/sec depending on the units of the equation 

r = capillary radius (groove half width), cm 

r = radius of vapor conduit, cm 

r = internal radius of heat pipe including wicking, cm 

W 

S = wetted perimeter, cm 

t = thickness, cm (ft in equation A.l) 
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T = temperature, K 
3 

v_ a vapor soecific volume, cm /g 
3 

V. = liquid specific volume, cm /g 
g 

'i 

w = mass flow rate, g/sec 
X = fluid quality 
Z = heat pipe length, cm 
Y = surface tension, dyne/an 
e =» emissivity 
n = viscosity, g/cm sec 
9 = wetting angle 
VI = viscosity, g/cm sec 

3 
p = barrier material density, Ibm/ft 

3 
p. = liquid density, g/cm 
p » vapor density, g/cm 

-12 2 4 
a » Stefan-Boltzmann constant = 5.67x10 W/cm -K 
o = stress, bar 
T = mission time, hr 
({) = angle with horizontal 
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APPENDIX A 

METEOROID PROTECTION 

The meteoroid criterion used is the NASA-recommended model as reported 
in SPN-36 by Walter. The required barrier thickness is calculated from the 
following equation: 

6.15 

1/4 
1 / T \ ,1/4 

\ 

h'^^ (A.l) 
10,000 

^1/3^1/6^1/^^ 

where F » -In P(o) and P(o) is the design survival probability. 

Application of Barrier Thickness Equation 

1. Heat Pipe Manifolds and Supply Lines 

The heat pipe manifolds and the supply and return lines are protected 
from meteoroids by the addition of a layer of beryllium armor. The re­
quired armor thickness is calculated from equation (A.l) using as vulnerable 
area the total surface area of the manifolds and the supply and return lines. 
The barrier calculation is made without regard to the protection ability 
of the pipe walls themselves. The design survival probability P(o) is set 
at 0.99. ^ ••. ' 

2. Heat Pipes 

It is undesirable to add a separate layer of meteoroid armor to the 
heat pipes because of the detrimental heat transfer effect. Thus, the 
heat pipes must depend on their wall structure to provide protection. ^ 
Also, redundancy may be introduced as a protection mechanism because each 
heat pipe is a separate entity. For a single heat pipe the average number 
of penetrating hits is given from equation (A.l) as 

TT = 4 (A.2) 
t • .' ' 
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where C is a constant and t is the wall thickness. If H is less than unity 

and the total number of heat pipes N is very large then HN is the number of 

punctured pipes. If N is the number of heat pipes required for the com­

pletion of the mission it follows that 

N 
N = ^ (A.3) 

1 - H 

If M.. is the total mass of the heat pipe walls then w "̂  

N. N t^ 
M a Nt = 2 _ t = -5 (A.4) 
'̂  C 4 

1 - ^ t^ - C 
t 

Minimizing M yields ^QDJ " 0.20 and N = 1.25 N . (Because M may or may 

not be the dominant radiator mass term IT̂ p̂  is carried as a variable in the 

computer code.) The heat pipe wall thickness as calculated from equation 

(A.l) using H = H^pj has been found to be more than adequate from tha fluid 

pressure standpoint. 

Equation (A.3) assumes that the number of heat pipes is large such 

that the probability S of survival of N or more out of H pipes is suffi-
1 

ciently high. This probability may be calculated from the relation 

N ^ . . 

S= Z II ' M {^-Hof-'p{of (A.5). 

s 
•J J 

where -lnP(o) = H. For H = 0.20 and N =0.8 N the probability S is 

greater than 0.99 for N > 2500 and greater than 0.999 for N > 4000. The 

number of heat pipes in a typical 45 Mw radiator is considerably greater 

than 4000; therefore equation (A.3) is a valid redundancy relation. 

R. English and D. Guentert, "Segmentation of Radiators for Meteoroid 
Protection", ARSJ, Vol. 31, No.8, August 1961, pp. 1162-1164. 
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APPENDIX B 

PRESSURE DROP 

An influencing factor in the radiator planform is the allowable 

pressure drop in the duct which contains the heat pipes and in the supply 

and return headers. For this analysis it is assumed: that there is two 

phase flow, that the vapor quality is equal to that at the turbine exhaust, 

and that the return fluid is all liquid with subcooling as a consequence of 

carrying excess heat pipes for redundancy. 

The allowable pressure drop is taken as 5?' of the inlet pressure, 

equally divided between supply and return headers and duct. This is a •. , 

somewhat arbitrary constraint based on the logic that the use of Owens' 
I 

equation for two phase flow has greater v a l i d i t y the less the pressure 

drop. 

The pressure drop of the condensing working f l u i d in the rad ia tor is 

obtained by in tegrat ing the two phase pressure gradient derived by the 
5 method of W. L. Owens. Ov^ens' pressure gradient i s derived fo r a two 

phase mixture f lowing in a constant area c i r cu l a r pipe wi th the assumption 

of equal ve loc i t i es fo r the two phases (the fog flow model). The resu l t 

i s : 

dp 

dJl 

2 
fG^Vj 

W7 1 + X 
G^v„/v 

sin<f) 

1 + X 

(B . l ) 

dP g. 

t 
W. L. Owens, "Two-Phase Pressure Gradient", In ternat ional Developments 
in Heat Transfer, Pt I I , ASME, pp. 363-368. 
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Following Owens, the pressure gradient f o r two phase flow in a con­

stant area non-c i rcu lar duct (or a c i r cu la r duct wi th Internal f r i c t i o n a l 

surfaces) may be derived as 

fG^v^S 

dP S9A 
l . x ( ^ - l 

G v„ / V 

9c ['z I 

._- sin(j) 

dx ^ . i . x U - 1 
L V £ (B.2) 

dv„ G'-
1 + X —2- — 

dP g^ 

where 

wetted permiter 

A^ = flow area c 

Neglecting the grav i ty term and subs t i tu t ing fo r G in terms of the mass 

f low rate w and the f low area A y ie lds 

w 

dP 

d£ 

9 c \ 
^ ) 

dx ^ fS 

dl 8 A . 
1 - X ]\ + XV 

w dv. 
1 + -5- x 

A,^g , dP 

(B.3) 

t 

Now assume that 

dv. 
*̂ ^a* ^i' ^^'^ dP ^^^ essentially constant over the range of 

Integration. 

2. Quality varies linearly with position, ̂  ° î ••" ( ̂ 2 " ̂ l) U ' 

where L = length of duct. 

Substituting for X and integrating yields 

2 L 
P^ - Pj w V r aJl + b 

dJ, 
Pi g^A^ Pi ;; cji + d 
1 ^c c 1 0 

(B.4) 
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where 

-4iv«.r--
. = l(x,-x,)ji -

fS 

8A. 
1 - X, + X, 

.2 dv 
c = 

9c\ Jl dP ̂  
ii(x,-xj 

.2 dv. 
d » 1 + w -^ X, 

ĝ Â "" dP ^c c 

The integral may be evaluated exactly to yield 

Py - P, w^v^ / 

h 9A Pi 

If, as 1s often the case. 

aL , be - ad In cL + 1 

cL 
d 

(B.5) 

« 1, then the result reduces to 

! l l A = J!!!^(aLi,bL' 

^Ah \'' 
(B.6) 
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The above solution reduces to the circular pipe case with the substitution 

S = ITD 

and 

A TTD^ 

c 

It has been demonstrated by Owens that the two phase friction factor 

should be chosen to be the same as that for single phase liquid flow. For 

turbulent flow in a smooth-walled circular pipe, the Darcy-Weisbach friction 

factor is often given as 

f = 0.184 Re"°'^ (B.7) 

where Re is the Reynolds number. Writing the Reynolds number in terms of 
the flow area, 

M 
0 . 2 

TTA." 

0,184 1 — ^ ^ I (B.8) 

c 

Following Owens, f is calculated using the liquid viscosity for y. For 

the circular pipe case the above relation for f reduces to the more 

familiar 

-0.2 

f = 0.184 ' ̂ ^ 
irDy 

/ 

A listing of PDR0P2, the computer subroutine which calculates the 

pressure drop, appears in Appendix C. ... 
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APPENDIX C 

FORTRAN HPRAD4 
SUBROUTINE HPRAO^(TIN,WDOT,QUAL,DPR,TAU,PZERO,H,FLUX.SF.DW,STRESS, 

2HPP) 
_CnyMON/KIFL/MZ ^ 

C INPUT UNITS EXPLANATION 
C TIN DEG K INLET TEMP 
C WDOT G/SEC FLOW RATE 
C QUAL INLET QUALITY 
C DPR FRACTIONAL P DROP 
C TAU HOURS LIFETIME_„ 
C PZERO SURVIVAL PROBABILITY 
C h W/CM«»2/DEG K CONDENSING HEAT TRANSFER COBFF 
C FLUX W/CM»«2 HEAT PIPE INPUT FLUX 
C SF HEAT PIPE AXIAL FLUX SAFETY FACTOR 
C DW CM HEAT PIPE DIAMETER 
_C STRESS BARS PIPING _STRESS 

HPP AVERAGE HITS PER HEAT PIPE 
WRITE OUTPUT TAPE 3,1 

1 FORMAT(IHl) 
WRITE OUTPUT TAPE 3,201,TIN,WDOT,CUAL,DPR,TAU,PZERO 

201 F0RMAT(10X,.28H HPRAD^,HhAT PIPE RAD IAT0R//5X, lOHIJ^PUT DATA/5X, 
. 226HRADI ATOR I NLET_ TEMP , DEG K= ,E10.3/5X, 16HFL0W RATE', G/SEC = , 

3E10.3/5X, 14HIN11ET QUAL ITY= , El 0 .3/5X , 33HMAX FRACTIONAL P DROP OF PR 
4IMARY=,E10.3/5X,12HLIFETIME,HR=,E10.3/5X,14HSURVIVAL PR0B=,E10.3) 
WRITE OUTPUT TAPE 3 , 701 ,H , FLUX ,.SF , DW, ST RESS, HPP 

701 F0RMAT{5X,25HHEAT COEFF,W/CM/CM/DEG K=.£10.3/5X,23HMAX INPUT FLUX, 
2W/CM/CM=,E10.3/5X,25HAXIAL FLUX SAFETY FACTOR=,E10.3/5X,3^HHEAT PI 
3PE ID INCLUDING WI CKI NG,CM= . E10. 3/5X, 26HPR LMARY PIP.ING STRESS.BAR= 
4,E10.3/5X,31HHPP,AVERAGE HITS PER HEAT PIPE*, EX0.3/!/10X, 17HEND OF 
5INPUT DATA///) 

C HEAT PIPE MATERIAL PROPERTIES 
C DENSITIES IN G/CM»*3 
C ELASTIC MODULI IN DYNE/CM»*2 

_RH0P = 8.56^ 
EP=1.1E12 
MANIFOLD AND FEED LINE MATERIAL PROPERTIES 
RH0M=8.56 
BARRIER MATERIAL PROPERTIES 
RH0B=1.86 
EB=2.1E12_ 
C0NDB=0.6 
CONOB IS THERMAL CONDUCTIVITY OF BARRIER IN W/CM/K 
HRES=5.67 
HRES IS MANIFOLD-BARRIER INTERFACE HEAT COEFF IN W/CM*»2/K 
WRITE OUTPUT TAPE 3,702,RHOP,RHOM,RHOB, EP,EB 

_102 F0RMAT(5X,2 6HMATERIAL DENS IT I ES, G/CM**3/.10_X, 1_0HHEAT1^IPE^, E 10._3/_ 
210X,18HMANIF0LD AND LINE=,£ 10,3/lOX,8HBARRIER=,ElO.3//5X,41HMATERI 
3AL MODULUS OF ELASTIC ITY,DYNE/CM»«2/iOX,lOHHEAT P IP£ = ,ElO.3/lOX, 
48HBARRIER=E10.3//) 
WRITE OUTPUT TAPE 3,550,CONOB,HRES 

550 FORMAT (5X,2 8HBARRI&R CONDUCTI V ITY ,W/CM/K= , E10.375X,.48HMANIFOLD-BAR 
2RIER INTERFACE HEAT COEFF,W/CM»»2/K=tElO.3//) -

(' 
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C FLUID PROPERTIES ARE OBTAINED FROM SUBROUTINES KVAP, AND TRANP 
C PRIMARY FLUID PROPERTIES 
C PICK PRIMARY FLUID 
X FLUID CODE __J MZ 
C POTASSIUM 3 . I 
C SODIUM 2 . a 
C CESIUM 5 % 

J = 3 
MZ = 1 
TINR=1.8»TIN 
CALL KVAP(I,TINR,PIN,QUAL,HIN,X1,X2) 
PIN=PIN/0.9869 
HIN=HIN»2.32E7 
POUT = { I.0-DPR)<*PIN 
P0UTA=P0UT»0.9869 
.CALL KVAP I 4 , TOUT, POUTA*.0._0 vH0UX.Xl_r;(2J 
T0UT=T0UT/1.8 
H0UT=H0UT»2.32E7 
DELH=HIN-HOUT 
DELH IS ENTHALPY OF CONDENSATION FOR PRIMARY FLUID 
TF=(TIN+T0UT)/2.0 
TF IS MEAN TEMPERATUR.E_J3JL_B.8LMA.R:^L_&LLLJi) 
CALL VISLC J,TF,IVISLF) 
CALL RHOL(J,TF»RHOLF) ' . 
VL = 1.0/RH0LF • • 
CALL RHOG(J,TF,(RHOGF) ' '' 
VG=1.0/RHOGF 

_PF = (PIN+P0UTJV2..5 
PFl=PF-0.05 
PF1A=PF1*0.9869 ^ " ' ' 
CALL KVAP(4,X1VPF1A,1.0,X2;X3,VV1) ' 
VVl=VVl/0.01602 
PF2=PF+0.05 
_PF2A = PF2» 0.5869 
CALL KVAP(4,Xl,tPF2A,1.0,X2fX3,VV2) 
VV2=VV2/0.01602 
DVG={VV2-VV1)/1.0E5 
P2=(1.0-DPR)**0.33 3*PIN 
P3=(1.0-OPR)*»0.33 3*P2 
_0PR3=1.0-(1.0-DPR)»«0.333 

C DPR3 IS MAX FRACTIONAL P DROP IN EITHER MANIFOLD,FEED LINE,OR 
C RETURN LINE 

WRITE OUTPUT TAPE 3,400,V ISLF,RHQLF,RHOGF,DVG,DELH 
400 FORMAT(5X,32HAVERAGE PRIMARY FLUID PROPERTIES/5X,17HLIQ VIS,G/SEC/ 

2CM=,E10.3/5X,17HLI0 DENS, G/CM*«3= , E10.3/5X,.17HV.AP DENS ,G/CM»»3 = , 
3̂E 10. 3/5X119HDVG0P.CM»*5/G/DYNE = ,E10.3/5X,26HENTHALPY CHANGE, DYNE C 
4M/G=,E1G.3//) 

C HEAT PIPE FLUID PROPERTIES 
C PICK HEAT PIPE FLUID 

J = 3 
MZ = 1 
T P = JJi-ElMXm 

O 
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401 

C 
c 
c 

TP IS HEAT PIPE OPERATING TEMP 
H=H»1.0E7 
CALL TENS( J,TP,IGAM1 

_CALL V I S L ( J , T P ^ V I S L ) 
CALL V ISG( J , T P , ( V I S G ) 
CALL R H O L ( J ; T > , I R H O L ) • ' • • 
CALL RH0G(J ,TP,'RHOG) 
T P R = 9 . 0 » T P / 5 . 0 

( 1 , T P R , P , 0 . 0 , H L . S , V ) 

( 1 ,_TP.R ,_P_,_1.0,ilG_t.S_,VJ 
9 
L 
• 2 . 3 2 E 7 
EAT OF VAPORIZATION FOR HEAT P IPE FLUID 
PUT TAPE 3 , 4 0 1 , GAM, V ISL , V ISG,.RHOL, RHOG , HVAP 
, 2 6HHE A L PIPE F LU I D_ PROP E R U fcS/5X, 18HSURF TENS ,DYNE/CM = , 
17HLIQ V I S , G / S E C / C M = , E 1 0 . 3 / 5 X , . 1 7 H V A P V.I S , G/SEC/CM = , E 1 0 . 3 / 

D E N S y G / C M « > 3 = , E 1 0 . 3 / 5 X , 1 7 H V A P D E N S , G / C M * * 3 = , E l O . 3 / 5 X , 
F VAP,!DYNE C M / G = , E 1 0 . 3 / / 3 

AND PRELIMINARY CALCULATIONS 
» W D 0 T t f l . 0 E - 1 0 
OTAL^i lEAJ T0_B_E_R£3l_E_CJJED_JLN_KW 
9 
7 E - 5 
EFAN-BOLTZMANN CONSTANT IN ERG/CM«»2/SEC/K«*4 

PIPE VIEW FACTOR 

340 

CALL KVAP 
_CALL KVAP 
P=P/0.986 
HVAP=HG-H 
HVAP=HVAP 
HVAP IS H 
WRITE OUT 

. FORMAT(5X 
2E10.3/5X, 
35X,17HLIQ 
422hHEAT 0 
CONSTANTS 
QTOT=DELH 

_QTOT IS T 
PI=3.1415 
SIG=5.669 
SIG IS ST 
F=2.0/PI 
F IS HEAT 

_£PS=0.9 ^ 
EPS IS EM 
ELRAT=H»( 
ELRAT IS 
Cl=0.75 
CI IS CON 

_C2=6.15 
C2 IS CON 
C0STHE=1. 
COSTHE IS 
RW=DW/2.0 
RV=5.0»RW 

_RV IS VAP 
DV=2cO»RV 
A=(1.0-4. 
C=2.0»GAM 
A AND C A 
BEGINNING 

_GUESS EL 
EL IS H P 
11 = 1 
£L=5.0»DW 
THP=0.0 
DP=DW+2.0 
DP IS OUT 

ISSIVITY 
TF-TP]/(SIG»EPS*F«TP»»4) 
RATIO OF H PIPE CONDENSER LENGTH TO EVAPORATOR LENGTH 

STANT IN H PIPE EQS (GROVER SAYS IT SHOULQ BE PI/4) 

STANT IN METEOROID EQ 
0 
COSINE OF WETTING ANGLE 

/6.0 
OR R A 0 IU S__0 F_H E AT PIPE ' 

0/PI/PI)/(8.0*RH0G«RV«»4»HVAP»»2) 
*COSTHE 
RE CONSTANTS IN THE HEAT PIPE EQS 
OF ROUTINE TO DESIGN HEAT PIPE 

AND THP 
IPE LENGTH,THP IS WALL THICKNESS 

»THP 
SJ.0J_P_IP.E_ DIAMETER 

O 

http://SJ.0J_P_IP.E_
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C CALCULATE HEAT PIPE LENGTH FROM HEAT TRANSFER CONSIDERATIONS [ 
10 B=C1*VISL»EL/(PI»RH0L»RV»(RW-RV)»HVAP) 

C 8 IS A CONSTANT IN THE HEAT PIPE EQS 
R0PT=(2.0*B»B/A/C)••0.333 
QNAX=B/A/ROPT/ROPT 

C ROPT IS OPTIMUM GROOVE HALF WIDTH,QMAX IS AXIAL HEAT TRANSFER 
ELE=EL/(1.0+ELRAT) 
ELC=EL-CLE 

C ELE IS EVAPORATOR LENGTH,ELC IS CCNDENSER LENGTH 
QIN=PI»DP*ELE*H»(TF-TP.)_ 

C QIN IS HEAT INTO PIPE 
EL0LD=EL 

C CALCULATE NEW EL TO BALANCE QMAX AND QIN 
EL=ELOLD*QMAX/QIN/SF 

C COMPARE OLD AND NEW H PIPE LENGTHS 
IF (ABSF( (EL0LD-EL)/EL0LD)_-0.0001)11JHJ_1.5 

11 IF ( II-l) 350,350,351 
350 11=2 

C CALCULATE HEAT PIPE WALL THICKNESS FROM METEOROID EQUATION 
C METEOROID EQ IS IN FUNNY ENGLISH UNITS 

THP=0.0 
X THP IS H PIPE WALL THICKNESS 

C3=C2/((EP*1.0E-6*0.9869»14.7«144.0)*»0,333*(RHOP»62.43)**0.167* 
2HPP»*0.25)«(TAU/10000.0)••0.25 
ELPFT=ELC/2.54/12.0 

330 DPFT=DW/2.54/12.0+2.O^THP • • 
AVUN=2.0*DPFT»ELPFT 

_C AVUN IS VULNERABLE AREA OF SiNGlE HEAT PIPE 
TH2=C3^AVUN*^0J25 

C TH2 IS NEW H PIPE WALL THICKNESS 
C COMPARE OLD AND NEW WALL THICKNESSES,REPEAT AVUN CALCULATION 
C UNTIL AGREEMENT IS REACHED 

IF (ABSF{THP-TH2)/TH2-0.0001) 310,310,300 
300_THP=TH2 

GO TO 330 
310 THP = TH2*12.0^2.154 

C THP IS FINAL VALUE FOR H PIPE WALL THICKNESS 
C RETURN TO HEAT TRANSFER CALCULATICNS WITH CORRECT WALL THICKNESS 

GO TO 340 
__33J._C0NTINUE 

fcMDOT=QMAX/SF/HVAP 
C EMDOT IS MASS FLOW'RATE IN SINGLE PIPE 

RER=EMD0T/12.0»PI*ELE^VISG) 
C RER IS RADIAL REYNOLDS NUMBER IN H PIPE', THE H PIPE EQS USED 
C IMPLY THAT RER BE MUCH GREATER THAN UNITY. 

QMAX=QMAX*1.0E-10 
NPIPE=QT0T^SF/QMAX/(1.0-HPP) 
NPIPE IS NUMBER OF H PI PES,INCLUOING REDUNDANCY 
NGRC0V=PI^DV/2J0/ROPT 
NGROOV IS NUMBER OF GROOVES PER PIPE 
H=H^1.0E-7 

.EN 0_0 F_H £ A.TL_E-I e.e_QE5JL5JVl 

n 
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753 CONTINUE 
CALCULATE MANIFOLD SIZE TO ACCOMODATE HEAT PIPES 
ELMAN=NPIPE«DP 
DIMAN=SQRTF ( ELE*»2 + DP*^2 ) L 

C ELMAN IS TOTAL MANIFOLD LENGTH,DIMAN IS INSIDE DIAMETER 
C CALCULATE HEAT PIPE WALL STRESS 

STRl=PIN»DP/2.0/THP 
STR2=P»DW/2.0/THP 

C STRl IS MAX COMPRESSION,STR2 IS MAX TENSION 
_C DIVIDE MANIF0LD__INTO PAR_A_LLJiL SEGMENTS TO REDUCE PRESSURE DROP 

P22=P2»1.0E6 
S=PI»DIMAN+2.0«DIMAN 
AC=PI*DIMAN»*2/4-DP*DIMAN 

C SIS WETTED PERIMETER,AC IS FLOW AREA 
NSEG=0 

8_0_0, NSEG = NSEG+2 
ENSEG=;NSEG 
WDOTS=WDOT/ENSEG 
ELMANS=ELMAN/ENSEG 

C WDOTS IS FLOW RATE PER SEGMENT,ELMANS IS SEGMENT LENGTH 
C GUARD AGAINST SONIC EXIT FROM PDROP SUBROUTINE 

G ARD = 1 . 0+ ( WDOTS/AC ) ••2 •DVG_*QUAL 
IF (GARD-0.0) 800,800,805 

80 5 CALL PDRQP2(WD0TS,P22,QUAL,0.0,VG,VL,DVG,VISLF,S,AC,ELMANS,D£LP) 
nELP=-DELP 

C CHECK PRESSURE DROP CRITERION,INCREASE NSEG IF NECESSARY 
I F (0ELP-DPR3) 8 0 3 , 8 0 3 , 8 0 0 

8iD3_C0NTINUE _ . 
REMAN=2.0*WD0TS/VISLF/SQRTF(PI^AC) 

C DETERMINE DESIRABLE RADIATOR ORIENTATION 
C ORIENTATION IS SUCH THAT RADIATOR LENGTH IS GREATER THAN WIDTH 
C K0NFIG=1 IMPLIES AXIAL FEED LINE,KONFIG=2 IMPLIES LATERAL FEED 

TEST1=2.0»ELMANS 
TEST2={ENSEG/2J0+_1.0.)_*EL 
IF {TEST1-TEST2) 500,500,501 

500 K0NFIG=1 
GO TO 504 

501 K0NFIG=2 
504 CONTINUE 

C .CALCULATE DIMENSIONS OF FEED LINE 
GO TO {505,506>,K0NFIG 

505 £LFL=(ENSEG/2.0)^EL 
GO TO 507 

506 ELFL=(ENSEG/2.0-1.0)»EL/2.0+ELMANS 
C ELFL AT THIS POINT IS FLOW LENGTH FOR FEED LINE 

5_0_7_ WDOTFL = WDOT 
C WOCTFL IS FLOW RATE IN FEED LINE 

DFL=DIMAN-1.0 
C DFL IS FEED LINE ID 
C GUARD AGAINST SONIC EXIT FROM PDRCP SUBROUTINE 

DFLMIN={-16.0^W00TFL»^2/PI^»2^DVG*QUAL)••0.25 
D_F L=M A X1 F_( DFL,DFLMIN) 
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80 DFL=DFL+1.0 
PIN2=PIN»1.0E6 
S=PI+DFL 
AC = PI»DFL»*2/4.10 
CALL PDR0P2{WD0TFL,PIN2,QUAL,QUAL,VG,VL,DVG,VISLF,S,AC,ELFL,DPFL) 
0PFL=-DPFL 

C CHECK P DROP CRITERION,INCREASE DFL IF NECESSARY 
I F (DPFL-DPR3) 8 1 , 8 1 , 8 0 [ 

81 CONTINUE 
GO TO .( 508 ,50 .91 JKONFJLG 

508 E L F L 1 = 0 . 0 
E L F L 2 = ( E N S E G / 2 J 0 ) ^ E L 
E L F L 3 = 0 . 0 
GO TO 510 

509 ELFL1=ELMANS 
ELFL2= ( E N S E G / 2 . 1 0 - 1 . 0 ) /2..J)_»EL 
ELFL3=ELFL2 

510 ELFL=ELFL1+ELFL2+ELFL3 
C ELFL IS NOW TOTAL FEED L I N E LENGTH 
C CALCULATE DIMENSIONS OF THE RETURN L I N E 

GO TO ( 5 1 1 , 5 1 2 1 , K O N F I G 
5 I X E L R L = ( E N S E G / 2 . 0 ) ^ J L + E L M A N S 

GO TO 513 
512 ELRL=(ENSEG/2.0-1.0)»EL/2.0+2.0^ELMANS 

C ELRL AT THIS POINT IS FLOW LENGTH FOR RETURN'LINE 
513 WD0TRL=WD0T/2.0 

C WDOTRL IS FLOW RATE IN RETURN LINE 
DRL=1.0 
DRL IS RETURN lilNE ID 

82 DRL=DRL+1.0 
P32=P3»1.0E6 
S=PI»DRL 
AC = PI#DRL^»2/4.'0 
CALL P0R0P2 [ WDQIRL, P3? ..0. 0 .0.0 . VG. VL. DVG .VISLF .S . AD. ELRL . DPRL ) 
DPRL=-DPRL 
CHECK P DROP CRITERION,INCREASE DRL IF NECESSARY 
IF (DPRL-DPR3) 83,83,82 

83 CONTINUE 
GO TO ( 611,612),KONFIG "̂  

J)11_.ELRL = ENSEG^EL + 2.,0».E.LMAN_S 
GO TO 613 

612 ELRL=(ENSEG/2.0-1.0)»EL^2.0+2.0«ELMANS 
ELRL IS NOW TOTAL RETURN LINE LENGTH -

613 CONTINUE 
CALCULATE MANIFOLD AND LINE WALL THICKNESSES BASED ON STRESS 
THMAN=( PIN/STRE.SS)j»_LDIMAN/.2-.i)J . 
THFL=(PIN/STRESS)•(DFL/2.0) 
THRL=(PIN/STRESS)»(DRL/2.0) 

C THMAN,THFL,THRL ARE WALL THICKNESSES FOR MANIF0LDS„FEE0 LINE,AND 
C RETURN LINE,RESPECTIVELY 
C CALCULATE METEOROID BARRIER THICKNESS 
X ME.IEQR0i.0_E.Q_L3 IN FUNNY .EJ^GLIiH UNIXi 

http://QR0i.0_E.Q_L3


^^4i -^7. * i ^ . •.- f J( V. . ^ . • ^ ' . * . ^ J L. l & c i S _ U f c * ^ . & l « * J ^ . -

•o 
SPN MO. 214 Page C-7 

3 3 3 * ( R H 0 B » 6 2 . ^ 3 ) » » 0 . 1 6 7 » 

TH=0.0 
C TH IS BARRIER THICKNESS 

HP=LOGF(l.O/PZERO) 
C3=C2/{ ( EB»1.0E-6»0. 9869*1^.7»1A-4.0)»«0V 

2 H P » > 0 . 2 5 ) » ( T A U / I 0 0 O 0 . 0 ) » * 0 . 2 5 
E L M F T = E L M A N / 2 . 5 4 / 1 2 . 0 
E L F L l F = E L F L l / 2 . ] 5 ' ^ / 1 2 . 0 
ELFL2F = E L F L 2 / 2 . 1 5 4 / 1 2 . 0 
ELFL3F = E L F L 3 / 2 . - 5 4 / 1 2 . 0 
ELFLFT=£LFL/2.54/12.0 
ELRLFT=ELRL/2.54/12.0 
DMFT=(DIMAN+2.0»THMAN)/2.5 4/12-0 
nFLFT=0FL/2.54/12.0 
THFLFT=THFL/2.54/12.0 
DRLFT=(ORL+2.0»THRL)/2i54/I2.0 

33 AVUN = PI«( (DMFT + 2.0*TH)*ELMFT+ , 
2DFLFT»{ELFLlF+ELFL2F/1.37 5+£LFL3F/1.375)+2-0»(THFLFT+TH)«ELFLFT+ 
3(DRLFT+2.0»TH)»ELRLFT) 

C AVUN IS VULNERABLE AREA OF MANIFOLDS, TAPERED FEiED LINE,AND RETURN 
C LINE 

Th2=C3»AVUN»«0J25 
C TH2 IS NEW BARRIER THICKNESS 
C COMPARE OLD AND NEW BARRIER THCIKNESSES,REPEAT AVUN CALCULATION 
C UNTIL AGREEMENT IS REACHED 

IF (ABSF(TH-TH2)/TH2-0.G0G1) 31,31,30 
30 TH=TH2 

GO TO 33 
_^__31__TH=TH2»12.0»2.54 
C TH IS FINAL VALUE FOR BARRIER THICKNESS 
C GUESS TEMP DROP THROUGH BARRIER 

DELT1=1G.0 

INTERFACE 
750 DELT2=C0NDB/TH/HRES*DELT1 

DELT2 IS T DROP ACROSS MANIFOLD-BARRIER 
0ELT3=C0N08/TH/H»DELT1 
DELT3 IS T DROP BETWEEN CONDENSING FLUID AND MANIFOLD WALL 
TBARR=TF-DELT1-DELT2-DELT3 
TBARR IS BARRIER SURFACE TEMP 
Q1=C0ND8/TH»DELT1 
Q2=SIG»1.0E-7»EPS»T8ARR»»4 
CALCULATE REVISED_DELX1 t_CHECK CONVERGENCE 
DELT1=Q2/C0NDB»TH 
IF {ABSF(Q1-Q2)/Q2-0.001) 751,751,750 

751 CONTINUE 
QPIP=QMAX/SF»NPIPE»{1.0-HPP) 
OPIP I S HEAT REJECTED FROM HEAT PIPES 
0MAN=QPIP/ELRAT»(TBARR/TPJ_«*4 ^ 
OMAN IS HEAT REJECTED FROM MANIFOLDS 
0FL=QMAN*(DFL/r.37 5/ELE)»(ELFL/£LMAN) 
QFL IS HEAT REJECTED FROM FEED LINE 
OREJ=QPIP +OMAN+QFL 
QRtJ I S TOTAL HEAT REJECTED 
QRATl^QPIP / Q R E J J L L Q O . 0 

a 
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QRAT2 = QMAN/QREJ«f l00 .0 
QRAT3=QFL/QREJ«10G.0 
COMPARE QREJ WIiTH QTOT 
I F ( A B S F ( Q R E J - Q T O T ) / Q T O T ^ O . 0 G 5 ) _ 5 4 0 , 3 4 A , A 4 1 

541 NPIPE=NPIPE»QT0T/QREJ 
RETURN TO MANIFOLD DESIGN WITH REVISED NUMBER OF H8AT PIPES 
GO TO 753 

540 CONTINUE 
WRITE OUTPUT TAPE 3 , 209, QTOT,TP , TBARR,QREJ^QRATl,QRAT2 , QRAT3 

^09 F0RMAT( 5X,27hHEAT REJECTION R EOUI RED. KW= . ElO. 3//5X..2 IHHE AT PIPE TE 
2MP,DEG K=,E10.3/5X,21HBARRIER SURFACE TE~MP=, E 10. 3//5X , 29HCALCULATE 
3D HEAT REJECTION,KW=,E10.3/5X,33HHEAT REJECTION BREAKDOWN,PERCENTS 
4/10X,llHHEAT P IiPE S= ,F6. 2 , 5X , 1 GHMANIFOLDS=, F6. 2, 5X, IGHFEED LINE=, 
5F6.2//) 
WRITE OUTPUT TAPE 3,305,P,PIN,POUT 

_3G5 F0RMAT(5X,16HPRESSURE IN BARS/5X. 9HHEAT PIPE.6X.IGHPRIMARY IN.5X. 
211HPRIMARY 0UT/3(5X,E1G.3)//) 
WRITE OUTPUT TAPE 3,202,DV,DW,THP,ELE,ELC,RCPT,NGROOV,NpIPE 

202 F0RMAT(5X,7HD VAPOR,8X;6HD WlCK,lOX,7HTH PIPE,8X,6HL EVAP,9X, 
26HL C0N0,9X,5HR CAP,IGX,7HGR00VES,8X,5HPIPES/6{5X,BIG.3), 
32(5X,I10)//) 
WRITE OUTPUT TAPE_3,203,DIMAN,ELMAN 

203 F0RMAT(5X,6HDI MAN,9X,5HL MAN/2 { 5X,.E10. 3 )//) 
WRITE OUTPUT TAPE 3,206,EMOOT,RER 

206 FORMAT( 5X,3GHMASS FLOW IN HEAT P I PE ,GM/SEC=i, E 10. 3/5X , 19HR ADI AL REY 
2N0LDS N0=,E10.3,5X,46H(ANALYSIS VALID ONLY IF MUCH GREATER THAN ON 
3E)//) 
WRITE OUTPUT TAPE_ 3,360., SIRI ,̂ SXR2 

360 FORMATC5X,32HMAX HEAT PIPE WALL STRESSES,BARS/5X,3GHC0MPRESSION OF 
2 PUNCTURED PI PE = , EIG. 3/5X , 22HTENS ION OF WHOLE PIP£=., E10.3//) 
WRITE OUTPUT TAPE 3,802 

802 FQRMAT(5X,30HPARALLEL MANIFOLD SEGMENTATION//5X,8HSEGMENTS, 4X , 
26HREY N0,7X,9HFR P DROP,5X,14HSEGMENT LENGTH/) 
WR I TE OUTPUT_TAPE . 3,801_,NSBG. REMAN..DELP . ELMANS 

801 F0RMATC5X,I5,315X,E10.3)) 
GO TO (530,5311,KONFIG 

530 WRITE OUTPUT TAPE 3,502 
502 FQRMAT(//5X,45H0RlENTATI0NiAXIAL FEED LINE„LATERAL MANIFOLDS) 

GO TO 532 
331^WRITE OUTPUXXAPE_3,.503 
503 FORMATC//5X,45HQRIENTATI0N,.LATERAL FEED LINE, AXIAL MANIFOLDS) 
532 CONTINUE 

WRITE OUTPUT TAPE 3,84,DFL»DPFL,ELFL,DRL•DPRL,ELRL 
84 FORMATC//5X,16HFEED LINE ID,CM=,E10.3,5X,lOHFR P DROP=,E10.3,5X, 
216hT0TAL LENGTH,CM=,ElO.3/5X, 18HRETURN LINE I D,CM= ,.E10.3, 5X, 
3 10HFR_P ._DR0P_̂ , E 10.._3J3X i 16ilT_0LAL LENGTH^ CM=,-E10. 3///̂ ) 
WRITE OUTPUT TAPE 3,600 

600 FORMATC 5X,aiHN0TE,FEED LINE ID IS AT ENTRANCE, D ISTRlIBUTION LENGTH 
2IS TAPERED AS tl-X/L)»«0.375///) 
WRITE OUTPUT TAPE 3,1000,THMAN^THFL,THRL 

1000 FCRMATC5X,24HPIPE WALL THICKNESSES,CM/5X, fiHMANIFOLO,7X, 9HFEED LI 
2NE.6X.I2HRETURN LINE /3(5X.E10.3)///) 

n 
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WRITE OUTPUT TAPE 3,1005,TH 
1GG5 F0RMAT(5X,31HKETE0R0ID BARRIER TH ICKNESS,CM=,E10.3//) 

C CALCULATE MASSES 
C MASS.BREAKDOWN .. 
C WTP HEAT PIPES 
C WTL HEAT PIPE LIQUID 
C WTMAN MANIFOLDS 
C WTFL FEED LINE 
C WTRL RETURN LINE 
C WTB BARRIER 
C WT TOTAL RADIATOR MASS WITHOUT PRIMARY FLUID 

V0LL=NPIPE»NGR00V«2.G*R0PT»(RW-RV)«EL 
VOLP=NPIPE*PI»lCRW+THP)**2-RV«*2)*EL-V0LL 
WTP=RHOP*VOLP/1000.0 
WTL-RH0L«V0LL/10GG.G 

______WTMAN = RHnM»ELMAN»P_I*CDIMAN + THMAN)_»THMAN/JL00G2.0 
WTFL=RH0M»PI»CDFL*(ELFL1+ELFL2/1.375+£LFL3/1.375)+THFL»ELFL)* 

2THFL/1000.0 
WTRL=RHOM»£LRL*fP I* (DRL+THRL)*THRL/1000.0 
WTB = RHOB» CAVUN^t929.0) »TH/1000.0 
WT=WTP+WTL+WTMAN+WTFL+WTRL+WTB 
WRITE OUTPUT TAPE 3, 35 , WT P . WTL . WTMAN. WTFL . WTRL..WTB,.WT 

35 FORMATC5X,21HRADIATOR MASSES IN KG/5X,IGHHBAT P I PES,5X,IGHH PIPE L 
210,5X, 9HMANIF0LDS,6X, 9HFEED LINE,6X,12HRETURN LINESv3X, 7HBARRIE 
3R/6C5X,E10.3)/5X,11HT0TAL MASS=,£10.3//) 
PCT1=WTP/WT«100.G 
PCT2=WTL/WT»10G.0 
PCT3=WTMAN/WT*1G0.G 
PCT4=WTFL/WT*1G0.0 
PCT5=WTRL/WT«100.G 
PCT6=WTB/WT*1G0.0 
WRITE OUTPUT TAPE 3 ,100 , PCTl, PCT2 , PCT3,.PCT4, PCT5, PCT6 

100 F0RMATC5X,13HMASS PERCENTS/8X ,6HH P IPES , 4X,,6HHP LiQf 7X, 3HMAN, 6X, 
24HFEED , 4X , 6HRETUR.N , 3X. 7HBARR I ER/5 X ,6 C F 10. 2 )//) 

C CALCULATE OVERALL RADIATOR SIZE 
C ELRAD IS RADIATOR LENGTH,WIDRAD IS WIDTH 

GO TO C 514,.5153 ,KCNFIG 
514 ELRAD=TEST2 

WlDRAD=TESTl + DfiL4-2.0*DRL 
ĜO TO 516 

515 ELRAD=TEST1+DFL+2.0«DRL 
WIDRAD=TEST2 

516 CONTINUE 
WRITE OUTPUT TAPE 3,36,ELRAD,WIDRAO 

36 F0RMAT{5X,14HRA0 L£NGTH,CM=,£ 10.3,5X,13HRAD WlDTH,CM=,£10.3//) 
P̂ RIMARY .FLUID INVENTORY 

C WTFLDl FEED LINE 
C - WTFLD2 MANIFOLDS 
C WTFLD3 RETURN LINE 
C WTFLO TOTAL MASS OF PRIMARY FLUID IN RADIATOR 

VCLFL=PI»DFL-*DfiL/4.0*{ELFLl + ELFL2/1.7 5+ELFL3/1.75) 
VCLM=PI*DIMAN*DIMAN/4.0»ELMAN-NPIP£»PI«0P»DP/4.G»ELE 
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V0LRL=PI*DRL*DRL/4-0»ELRL 
WTFLD1=V0LFL/CVL+QUAL*!VG-VL) )/1000.0 
WTFLD2=C1.0-HPP)»V0LM/(QUAL*lVG-VL))«LOGF({VL + QUAL#(VG-VL ) )/VL)/ 

_21000.0+HPP«VOLM/VL/1000.0 
WTFLD3=vnLRL/VL/100G.O 
WTFLD=WTFL01+WTFLD2+WTFLD3 
PCT7=WTFLD1/WTFLD*100.0 
PCT8=WTFLD2/WTFLD*100.0 
PCT9=WTFLD3/WTFLD*100.G 
WRITE OUTPUT TAPE _3 , 520 , WTFLD , PCT7 , PCJ8_j_PCT_9_ 

520 F0RMATC5X,22HPRIMARY FLUID MASS,KG= ,£10'.3/5X, 43HDISTRI 8UTI0N OF PR 
2IMARY FLUID,MASS PERCENTS/IIX,4HFEED,7X,3HMAN,4X,6HRETURN/5X, 
33(F10.2)//) 
RETURN 
END 
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• FORTRAN P0R0P2 
SUBROUTINE P0R0P2 ( WDOX, P^ , XI , X2 ,_VG , VJ^, DV G D P ^ I S_̂ S , AC ,_EL , DELP ) 

C ' " T H E SUBROUTINE "•pDR0P2 CALCULA fES - rTc FR'ACTfUM"AL PT(£S"SU'KF D"Rt)P DT 
C CONDENSING OR VAPCRIZ I .'.•̂  r-LiHD .\.QWlNG I N A CONSTANT ARcA DUCT. 
C THE F O ^ L u W i i w ASSUHPTIC.\:- ^ ,c MADE. SMOOTH WALL DUCT, TURB ULEN T 
C FLOW,FUG FLOW MOOEL (NO S L I P BETWEEN PHASES),NO GRAVITY EFFECT, 
C QUALITY CHANGES LINEARLY WITH POSITION,VG AND VL AND DVGDP ARE 
C ESSENTIALLY CONSTANT. 
c ' •" 

C INPUT UNITS EXPLANATION 
C wnOT . G/SEC MASS FLOW RATE 
C PI DYNE/CM*»2 INLET PRESSURE 
C XI • INLET QUALITY 
C X2 OUTLET QUALITY 
-C~ VG CI',* » 3TG SP EC IFTC—VOt-OF-Vtrf^OR-PtlA-S^ 
C VL CM»*3/G SPECIFIC VOL OF LIQUID PHASE 
C DVGDP CM**5/G/DYNE DERIVATIVE OF VG WITH RESPECT TO PRESSURE 
C VIS G/SEC/CM VISCOSITY OF LIQUID PHASE 
C S CM WETTED PERIMETER 
C AC CM**2 FLOW AREA 
C EL CM LFNGTH~1D> PIPE 
C 
C OUTPUT UNITS EXPLANATION 
C DELP FRACTIONAL PRESSURE CHANG£=(P2-P1)/Pi 

PI=3.14159 
C CALCULATE FRICTIONAL AREA 

AW=S»EL 
CALCULATE REYNOLDS NUMBER 
REN=2.0*WD0T/VIS/SQRTFCPI*AC) 
RENIN=l-0/REN 
CALCULATE FANNING FRICTION FACTOR CONE QUARTER OF DARCY-WEIS BACH) 
F Wj=0_. 046*RE_N_I_N**0_«_20 
Zl = ( WD0"T7 AC")"»"̂ 2"̂ "G72''.T)7FT[ 
A1=FW*AW/EL/AC*C CX1-X2)/EL)*(1.0-VL/VG) 
B1=2.0»C1.0-VL/VG)»CX1-X2}/EL-FW«AW/£L/AC*((1.G-X1)»VL/VG+X1) 
C1=CWD0T/AC)*«2«DVGDP»CX2-X1)/£L 
DI=I.0+CWD0T/AC)«*2*DVGDP*XI 
IF (Dl-O.G) 60,61,62 

60"" W R I "T c ""0 U T P"U T "nrA?r~3Ti 
1 F0RMAT(//5X,42HSUPERS0NIC F L 0 W , P D R 0 P SUBROUTINE NOT VALID//) 

GO TO 7 5 ; 
61 WRITE OUTPUT TAPE 3,2 
2 F 0 R M A T C / / 5 X , 3 7 H S 0 N I C F L 0 W , P D R 0 P SUBROUTINE NOT VALID//) 

GO TO 75 
^6'2""CnNTTNUE 

IF C A B S F C C 1 * E L / D 1 ) - 0 - 0 0 1 ) 70,70,71 
70 0ELP=Zl*(Al»£L»*2/2.G/Dl+Bl*tL/Dl) 
71 nELP-Zl*CAl»£L/Cl+CBl»Cl-Al*01)/Cl/Ci»LOGF(ABSF(Cl*EL/Dl+1.0))) 
75 RETURN 
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