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AN EXPERIMENTAL STUDY OF THE CONDENSING CHARACTERISTICS OF MERCURY 

VAF'OR FLOWING IN SINGLE TUBES 

by James A. Albers and David Namkoong, Jr. 

Lewis Research Center 

Cleveland, Ohio 
National Aeronautics and Space Administration 

ABSTRACT 

An investigation was conducted to determine the condensing characteristics 

of mercury vapor flowing in horizontal single tubes. For a crossflow-nitrogen- 

cooled condenser, flow regime and pressure drop were investigated for nonwetted 

flow in constant diameter and tapered tubes, under 1 and 0 g, and for wetted flow 

in tapered tubes under 1 g. For a counterflow-NaK-cooled condenser, heat transfer 

inlet pressure, and pressure drop were investigated for a tapered tube under 1 g. 

dc + cu 
9 w 

Within the limits of the investigation and predicated on SNAP-8 requirements, 

the results obtained from the nitrogen-cooled condenser indicated no significant 

influence of gravity on nonwetted condensing pressure drop. i Wetted 1-g condensing 

frictional pressure drop was higher than that of nonwetted only at the higher 

flow rates in a tapered tube. Data compared with the Lockhart-Martinelli and 

fog-flow correlations showed deviation from the former and data scatter on the 

latter. 

For the conditions investigated, the NaK-cooled condenser indicated that the 

: mercury condensing coefficients were higher than the NaK heat-transfer coefficient; 

therefore the NaK side was the more significant factor affecting the overall 

heat transfer coefficient. The inlet pressure of mercury, which is intimately 

related to the mercury inlet temperature and therefore to the heat-transfer 

mechanism of the condenser, was found to be sensitive to condensing length at 

shorter condensing lengths and insensitive at the longer condensing lengths. 

X- 52151 
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INTRODUCTION 
? 

O f  t h e  many energy-conversion-system concepts proposed f o r  the generation 

of e l e c t r i c  power f o r  various space f l i g h t  missions, one of t h e  more promising 

f o r  t h e  production of higher power l e v e l s  i s  the  liquid-metal Rankine-cycle 

turbogenerator system. The development of the SNAP Rankine reac tor  s e r i e s  char- 

a c t e r i z e s  t h i s  type of power system. A c h a r a c t e r i s t i c  of the Rankine cycle Sys- 

tem i s  t h a t  the working f l u i d  i n  the turbogenerator loop undergoes phase changes 

during t h e  heat-addition and heat-reject ion portions of the cycle, r e s u l t i n g  i n  

t h e  coexistence of l i q u i d  and vapor i n  continuously varying proportions between 

t h e  a l l - l i q u i d  and saturated-vapor s ta tes .  These var iable-qual i ty  flow condi- 

t i o n s  represent a major problem i n  t h e  design of t h e  b o i l e r  and condenser com- 

ponents with regard t o  the  predict ion of heat- t ransfer  and pressure-drop char- 

a c t e r i s t i c s .  Furthermore, t h e  mixed phase f lows 'a re  subject t o  t h e  e f f e c t s  of 

d i f f e r i n g  gravity f i e l d s  t o  the  extent t h a t  data  on heat t r a n s f e r  and pressure 

drop obtained i n  a 1-g environment may not be representat ive of those t o  be 

encountered during system operation i n  a weightless condition. 

consideration i s  the  significance of t h e  w e t t a b i l i t y  of the  working f l u i d  with 

regard t o  types of flow regimes and hea t - t ransfer  and pressure-drop character is-  

t i c s .  Finally, the condenser, which i s  located between the  turb ine  e x i t  and t h e  

pump i n l e t  i n  t h e  system, i s  r e s t r i c t e d  t o  s t r ingent  pressure- level  and pressure- 

drop l imitat ions.  Because of these  considerations, an experimental program was 

i n i t i a t e d  a t  the NASA Lewis Research Center t o  determine t h e  condensing charac- 

t e r i s t i c s  of mercury vapor flowing i n  s ing le  tubes.  

condensing tube geometries were predicated on t h e  SNAP-8 requirements. 

An addi t iona l  

Values of flow r a t e  and 

This paper describes r e s u l t s  obtained from two f a c i l i t i e s  r e f l e c t i n g  two 

methods of t ransfer r ing  the  heat from the  mercury vapor condenser. One method 

simulates heat r e j e c t i o n  by radiat ion,  by providing a uniform temperature heat  
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, s ink.  I n  t h i s  f a c i l i t y ,  flow regime and pressure drop were invest igated for non- 

we&d flow in  constant diameter, and tapered tubes, under 1- and 0-g environments, and 

for  wetted flow i n  tapered tubes under'l 8. The other  method u t i l i z e s  a l i q u i d  metal 

coolant, NaK, i n  a counterflow heat exchanger system. I n  t h i s  l a t t e r  f a c i l i t y ,  

heat t ransfer ,  i n l e t  pressure, and pressure drop were invest igated i n  a tapered 

tube under 1 g. I n  a l l  cases, the single condensing tubes were or iented horizon- 

t a l l y .  I n  addi t ion t o  obtaining data applicable t o  t h e  SNAP Rankine cycle, some 

of the  data were analyzed f o r  a more generalized comparison. 

drop data were compared with the ana ly t ica l  predict ions of Koestel e t  al. and 

Lockhart-Martinelli i n  references 1 and 2, respectively.  

SYMBOLS 

As such, pressure 

A Heat t r a n s f e r  area 

k n e r  tube inside diameter 

Inner tube oiltside diameter 

Inner tube mean diameter 

Di 

DO 

Dm 

gc Conversion f a c t o r  

h Heat t r a n s f e r  coeff ic ient  

k Thermal conductivity 

I, Length 

mTD Log mean temperature difference 

1 Dis'csnce from condensing tube i n l e t  

IC Condensing length 

P Pre s sure 

Q Heat t r a n s f e r  r a t e  

@r Wall thickness 

7- Temperature 

u Overall heat t r a n s f e r  coeff ic ient  
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U 

X 

I-1 

P 

rJ 

%3 
x 

g 

2 

l i q  

NaK out 

0 

S 

TPF 

1 

Velocity 

Quality 

Viscosity 

Density 

Surface tension 

Lockhart-Martinelli parameter, J ( m/&)Tm/( m/&Ig 
Two phase flow modulus, f = & ) , i q ~ A P / A L ) g  

Subscripts 

Mercury vapor 

Local 

L i q u i d  

NaK leaving heat exchanger 

I n l e t  of condenser 

S t a t i c  

Two-phase f r i c t i o n a l  

One inch from i n l e t  of condenser 

APPARATUS FOR CROSSFLOW-NITROGEN-COOLED CONDENSER 

A t e s t  apparatus was used i n  which a constant and uniform heat  sink was pro- 

vided along the condensing tube by gaseous nitrogen i n  crossflow from two mani- 

fo lds  on opposite s ides  of t h e  tube. 

of flow regimes and pressure drop were obtained from the  experimental System 

i n s t a l l e d  i n  the bomb bay of a converted N a v y  bomber (AJ-2) .  

durations of about 10 t o  15 seconds were obtained by f l y i n g  t h e  a i r c r a f t  through 

a port ion of a b a l l i s t i c  path ( r e f .  3). 

of Pressure drop were a l s o  obtained i n  a ground f a c i l i t y .  

however, the  experimental system was e s s e n t i a l l y  t h e  same. I n  t h e  t e s t  system, 

t h e  heat flux ranged from 30,000 t o  92,000 B t u / ( h r ) ( f t 2 )  depending on the flow 

Nonwetted da ta  f o r  1- and 0-g comparison 

Near zero-gravity 

Data f o r  wetted and nonwetted COmpariSOn 

I n  both cases, 
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, r a t e  and condensing length. Vapor temperature ranged from 800° t o  1000° F 

I depending on t h e  vapor pressure and t h e  degree of superheat t h a t  w a s  required 

t o  minimize l i q u i d  carryover. The range of the  o ther  var iab les  f o r  t he  d i f f e ren t  

I conditions invest igated are l i s t e d  i n  tab le  I. 

Experimental System 

Schematic drawings of a single-pass boi l ing  and condensing system used 

f o r  1- and 0-g comparison t e s t  are  presented i n  f igures  l ( a )  and ( b ) .  The ground 

f a c i l i t y  used f o r  t he  wetting and nonwetting comparison t e s t  i s  v i r t u a l l y  iden- 

t i c a l  t o  the  system shown i n  f igu re  1 except t h a t  a ret.urn l i n e  was provided 
I 

between t h e  receiver  and the expulsion u n i t .  I n  general, the  mercury system 

consis ted of an expulsion cylinder, a liquid-flow-measuring unit ,  a preheater, 

a high heat  f l u x  boi le r ,  a main boi le r ,  a vapor-flow-measuring venturi ,  a hori-  

I zontal  condensing tube, and a receiver  f o r  co l l ec t  i.ng the  condensed mercury. 

Defini t ions of flow cha rac t e r i s t i c s  f o r  1- and 0-g conditions were determined 

by high-speed photographs of nonwetting condensing i n  constant-diameter g l a s s  

tubes of 0.27-, 0.40-, and 0.49-inch inside diameters. Pressure-drop measurements 

f o r  1 and 0 g were conducted on both constant diameter and uniformly tapered 

stainless s t e e l  tubes. The constant diameter tube was 8 7  inches long with an 
i 

i n s ide  diameter of 0.31 inch and a w a l l  th ickness  of 0.032 inch. The uniformly 

tapered  tube was 84 inches long with an ins ide  diameter of 0.40 inch a t  t h e  in-  

l e t  and 0.15 inch a t  t he  e x i t  and a w a l l  th ickness  of 0.025 inch. 
I 

Pressure-drop 

measi-irements f o r  wetted and nonwetted conditions were conducted on 4-feet-long 

uniformly tapered tubes with an in s ide  diameter of 0.50 inch a t  t h e  i n l e t  and 

3.20 inch a t  the  e x i t .  The nonwetting measurements were conducted with a 0.035- 

inch-wall  s t a i n l e s s  s t e e l  tube and the  wetting measurements with 0.149-inch-wall 

copper tubes.  
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Instrumentation * 

Stainless  s t e e l  inductance-type pressure transducers, capable of operating 

i n  a mercury environment up t o  900' 5 were used t o  measure condenser-tube pres- 

sure drop, venturi pressures, and ventur i  pressure drop. I n  the a i r c r a f t ,  each 

transducer i n  d i r e c t  contact with mercury was mounted with the  center l ine  of the 

diaphragm p a r a l l e l  t o  t h e  l a t e r a l  ax is  of the a i r c r a f t ,  t o  minimize the e f f e c t s  

of accelerat ion and deceleration p r i o r  t o  and following t h e  0-g maneuver. 

Thermocouples throughout the system were constructed of I. S. A. s tandard-calibra- 

t i o n  K Chromel-Alumel wires. 

A l l  temperature, pressure, and accelerat ion data  needed f o r  ana lys i s  ( f o r  

t h e  grav i ty  comparison tes t s )  were recorded on two multichannel oscil lographs.  

For the wetted and nonwetted comparison t e s t  on the  ground, the pressure data 

were recorded on multichannel oscil lographs and t h e  temperatures on s e l f -  

balancing potentiometer recorders. 

Pro ce dure 

System operating procedure was i d e n t i c a l  f o r  both ground and a i r c r a f t  t es t ing .  

The mercury loop was i n i t i a l l y  evacuated t o  approximately 60 microns of mercury, 

and the  mercury heaters  were brought t o  operating temperature, S ta r tup  mercury 

vapor flow was allowed t o  purge the  system f o r  approximately 5 minutes t o  remove 

noncondensables. 

(between 1 4  and 15 psia),  and the  cooling gas flow was adjusted t o  e s t a b l i s h  the  

mercury interface a t  the desired locat ion.  Relocation of the  i n t e r f a c e  was 

accomplished by f u r t h e r  adjustment of the  cooling flow r a t e .  

The receiver  pressure was then increased t o  a constant value 

Determination of the  in te r face  loca t ion  depended on t h e  condensing tube 

For t h e  glass- tabe t e s t s ,  t h e  i n t e r f a c e  was mater ia l  and the t e s t  f a c i l i t y .  

located visually.  

sure drop comparison t e s t s ) ,  t h e  tube-wall temperatures were scanned t o  l o c a t e  

For the  metal tubes i n  the a i r c r a f t  (used i n  1- and 0-g pres- 
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the  interface.  The in te r face  was ident i f ied  by the  sharp temperature drop i n  

t h e  liquid-mercury leg, which was. readi ly  apparent during a rap id  scan of t h e  

wall temperatures. 

face was observed with an X-ray image-intensifier system. The i n t e r f a c e  f o r  the 

For the  nonwetting and wetting comparison tests, the i n t e r -  

wetting case was defined as the  locat ion where the l i q u i d  f i l l e d  t h e  tube. 

The 1- and 0-g comparison t e s t s  (of flow regime and pressure drop) were 

accomplished by recording the  1-g data  points i n  t h e  a i r c r a f t  while i n  l e v e l  

f l i g h t  and 0-g points  immediately a f t e r  without changing system operating con- 

df t ions.  Pr ior  t o  each data  run, a complete ca l ibra t ion  of pressure and t e m -  

perature instrumentation w a s  car r ied  out. 

RESULTS FOR CROSSFLOW-NITROGEN-COOIXD CONDENSER 

Effect  of Gravity on Nonwetting Condensing Charac te r i s t ics  

An indicat ion of the differences i n  flow c h a r a c t e r i s t i c s  i n  1- and 0-g 

environments i s  shown i n  f igure  2. Under 1-g conditions, droplet  nunoff down 

the  tube w a l l  was observed, resu l t ing  i n  a l i q u i d  accumulation on the  bottom 

of the  tube, p a r t i c u l a r l y  i n  t h e  low veloci ty  region. Under 0-g conditions, 

the  drops i n  the stream and on the w a l l  were more uniformly d i s t r i b u t e d  and 

had no tendency t o  "gravi ta te"  toward any p a r t  of t h e  tube surface. 

t h i s  apparent difference i n  flow charac te r i s t ics  i s  t r a n s l a t e d  i n t o  differences 

of pressure drop i s  t h e  subject of the  following discussion. 

Whether 

The e f f e c t  of grav i ty  on l o c a l  s t a t i c  pressure drop i s  shown i n  f i g u r e  3. 

The l o c a l  s t a t i c  pressure drop (Po - P l ) s  

between the  measured i n l e t  s t a t i c  pressure and t h e  l o c a l  s t a t i c  pressures 

was obtained from t h e  difference 

along t h e  condensing tube. 

l o c a l  s t a t i c  pressure drop increased over the  f i r s t  half  of t h e  condensing 

length due t o  the high f r i c t i o n  losses  t ha t  resu l ted  primarily from high vapor 

v e l o c i t i e s .  

momentum change exceeded the pressure loss  due t o  

For both the s t r a i g h t  and the  tapered tubes, t h e  

I n  t h e  l a s t  half of the condensing tube the pressure r ise dGe t o  
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f r i c t i o n ,  resu l t ing  i n  a decrease i n  l o c a l  s t a t i c  pressure drop. The data pre- ,  

sented f o r  1- and 0-g condi t ions were obtained a t  approximately the  same tube 

i n l e t  flow conditions. With t h e  i n l e t  conditions approximately t h e  same, there  

was no discernible  difference between the  d i s t r i b u t i o n s  of l o c a l  s t a t i c  pressure 

drop f o r  1- and 0-g environments. 

The e f f e c t  of gravi ty  on o v e r a l l  s t a t i c  pressure difference (from i n l e t  t o  

i n t e r f a c e )  i s  presented i n  f igure 4. The o v e r a l l  s t a t i c  pressure difference 

(Po - Pliq)s was obtained by subtracting the  aversge s t a t i c  pressure i n  t h e  

l i q u i d  l e g  from t h e  i n l e t  s t a t i c  pressure. Examination of the  dsta ind ica tes  

l i t t l e  difference between the  1- and 0-g conditions, although the majority of 

the  0-g data  f a l l  s l i g h t l y  above t h e  1-g data. Values of (Po - Pliq)s ranged 

from a pressure dTop of 0.2 t o  2 .2  psi f o r  the  ’straight tube and a 0.9-psi 

pressure r i s e  t o  a 0.1-psi drop f o r  the tapered tube for the  range of condensing 

lengths and flow r a t e s  invest igated.  

Comparison of Nonwetting Pressure Drop Data with Yheory 

The experimental pressure-drop data were compared with t h e  two-phase pressure- 

drop predictions of Lockhart and Mar t ine l l i  as discussed i n  reference 2. 

two-phase f r i c t i o n a l  pressure drops between two pressure taps  were determined by sub- 

t r a c t i n g  

l o c a l  s t a t i c  pressure difference.  A ve loc i ty  r a t i o  of one uliq 

assumed i n  determining the  pressure recovery. 

a n a l y t i c a l  predictions of veloci ty  p r o f i l e s  of l i q u i d  drops being entrained 

i n t o  the  vapor stream ( r e f .  1). 

The 

the pressure recovery due t o  t h e  momentum decrease from the measured 

was 
= “k3 

This assumption i s  based on t h e  

Comparison of the nonwetting pressure drop da ta  w i t h  t h e  Lockhart-Martinelli 

cor re la t ion  ( f ig .  5 )  shows t h a t  the  cor re la t ion  agrees w i t h  t h e  data f o r  t h e  

lower values of the  parameter X ( i . e . ,  corresponding t o  q u a l i t i e s  g r e a t e r  than 

0 . 4 ) .  For the  higher values of the  parameter X ( i . e . ,  corresponding t o  



9 

q u a l i t i e s  leds  than 0.4), the f r i c t i o n a l  pressure gradient i s  g r e a t e r  than t h a t  

predicted by Lockhart-Martinelli, and the deviation increases w i t h  an increase 

i n  the parameter ,X. This deviation may r e s u l t  p a r t l y  from the  f a c t  t h a t  the 

flow regimes i n  dropwise condensing a r e  s ign i f icant ly  d i f f e r e n t  from the  two- 

component ad iaba t ic  flow model assumed by Lockhart-Martinelli. 

I 

This deviation 

may a l s o  be because the  roughness of the tube w a l l  surface due t o  the  condensed 

drops on t h e  w a l l  i s  grea te r  than t h a t  obtained by Lockhart-Martinelli, r e s u l t i n g  

i n  a l a r g e r  f r i c t i o n a l  pressure drop especial ly  f o r  condensation i n  the low- 

q a a l i t y  region of the tube. 

Though they deviate from the predicted curves, the data  points  f a l l  i n t o  a 

d i s t i n c t  grouping. Such a grouping suggests a f a i r e d  data curve through the 

points  such as t h a t  shown i n  f igure  5. This curve a l so  f i t s  t h e  f a i r e d  con- 

densing mercury data  points  of Koestel e t  al . ,  as presented i n  reference 1 as 

shown i n  f igure  6. 

This same s e t  of nonwetting pressure drop data  was compared t o  the  fog flow 

cor re la t ion  of Koestel e t  a l .  ( ref .  1). The cor re la t ion  t r e a t s  the  l i q u i d  and 

vapor as a homogeneous flow and takes  i n t o  account the buildup of drops on the  

i n s i d e  tube w a l l .  A s  shown i n  f i g u r e  7, t h e  fog flow theory roughly predic t s  

the t r e n d  of t h e  nonwetting pressure-drop data  over t h e  e n t i r e  qua l i ty  range. 

However, considerable s c a t t e r  e x i s t s .  

Ef fec t  of Wetting on Pressure Drop 

An inves t iga t ion  of pressure drop under wetted conditions, conducted 

e n t i r e l y  i n  t h e  ground f a c i l i t y ,  included photographs of the  X-ray image of 

the in te r face .  The contrast  between the in te r face  under wetted and nonwetted 

conditions i s  shown i n  f igure  8. Condensation under a nonwetted condition i n  

a tapered  tube resu l ted  i n  a well-defined v e r t i c a l  interface,  whereas under a 

wetted condition an elongated interface t h a t  gave r i s e  t o  per iodic  waves 
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resul ted.  Any difference i n  pressure drop between wetting and nonwetting flow , 

then may be at t r ibuted,  a t  l e a s t  i n  par t ,  t o  t h e  difference i n  flow regimes as 

indicated i n  t h e  f igure.  Figure 9 ind ica tes  t h a t  there  i s  no s igni f icant  d i f -  

ference i n  the f r i c t i o n a l  pressure drop f o r  wetted flow compared w i t h  the  no+ 

wetting condition f o r  t h e  low flow r a t e  (0.028 lb /sec) ,  

of f r i c t i o n a l  pressure drop occur i n  the  las t  half  of t h e  condensing length f o r  

the mass flow r a t e s  of 0.038 and 0.049 pound per second. This may be due t o  

t h e  buildup of the  l i q u i d  f i l m  on the  bottom of the tube i n  wetting condensa- 

t ion,  which tended t o  reduce the  vapor-flow area m d  ma)- have exposed a la rge  

area (between t h e  f i l m  surface and vapor) of turbulence. 

I n  general, a small, o v e r a l l  s t a t i c  pressure r i se  w a s  obtained f o r  both 

wetting and nonwetting conditions a t  the  weight flows and condensing lengths  

considered as shown i n  f igure  10, A t  a mass flow r a t e  of 0.028 pomd per 

second, the  overa l l  s t a t i c  pressure difference 

equal f o r  the  wetted and nonwetted condensers. 

and 0.049 pound per second, values of 

t h a t  f o r  wetted flow by 0.3- and 0.6-psi  r i s e ,  respectively,  f o r  the  range of 

condensing lengths considered. 

Greater differences 

(PI_ - Pliq)s was approximately 

A t  mass flow r a t e s  of 0.338 

(P1 - Pliq)s f o r  nonwetted flow exceeded 

Comparison of Wetting Pressure Drop Data with Theory 

A comparison of the wetting pressure-drop da ta  w i t h  t h e  Lockhart-Martinelli 

The r e s u l t  was siinilar t o  t h a t  found f o r  cor re la t ion  i s  presented i n  f i g u r e  11. 

the nonwetted case i n  t h a t  the  data indicated tha t  the experimentally obtained 

pressure drops were grea te r  than the  predicted values a t  higher 

Again, a f a i r l y  wel l  defined curve could be drawn through t h e  data points .  

f r i c t i o n a l  pressure drops f o r  t h e  wetted condition were s l i g h t l y  g r e a t e r  than 

those f o r  t h e  nonwetted condition. 

x values. 

The 
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The wetting ‘pressure drop data a re  compared with ,the fog-flow cor re la t ion  

i n  f igure  12. 

the  breakup of a t h i n  film t h a t  forms on t h e  condensing heat t r a n s f e r  surface. 

The fog-flow cor re la t ion  agrees with the  wetted data i n  t h e  high qua l i ty  region 

of t h e  condensing tube ( i .e . ,  f o r  modified Weber numbers grea te r  than 10). The 

f r i c t i o n a l  pressure gradients  a re  higher than predicted, however, f o r  t h e  low- 

qua l i ty  region of the condensing tube ( i . e . ,  f o r  modified Weber numbers l e s s  

than 10). T h i s  may be due p a r t l y  t o  the departure of the wetted flow regime 

i n  t h e  low-quality region of the  condensing tube from the  b a s i s  of t h e  fog flow 

cor re la t ion  - t h a t  of l i q u i d  homogeneity within t h e  vapor stream. 

data-point s c a t t e r  i s  s igni f icant .  

Under wetting conditions, drops i’n the  vapor stream are formed by 

Again, t h e  

APPARATUS FOR COUNTERFMW-NAK-COOLD CONDENSER 

Experimental System 

A single, tapered, mercury vapor Condensing tube, cooled by NaK, was used 

t o  obtain heat t r a n s f e r  and pressure data under nonwetted conditions. 

were conducted e n t i r e l y  i n  a ground-based f a c i l i t y .  

t h e  mercury-NaK system i s  shown i n  f igure 13. 

experiment is l i s t e d  i n  t a b l e  I. 

nitrogen-cooled mercury vapor condenser system except t h a t  a desuperheater was 

provided between t h e  mercury b o i l e r  and t h e  vapor flow measuring venturi .  The 

desuperheater was operated as a heat exchanger such t h a t  mercury vapor cooling 

was accomplished without condensation. By this  procedure, high-quality mercury 

vapor a t  a saturated condition was provided a t  t h e  condenser entrance. 

Tests 

A schematic drawing of 

The range of var iab les  f o r  t h i s  

The mercury loop i s  v i r t u a l l y  i d e n t i c a l  t o  t h e  

The NaK loop i s  a closed, continuously c i rcu la t ing  flow system, consis t ing 

of an electromagnetic (EM) pump and an  EM flowmeter, an a i r  cooler, and elec-  

t r i c a l  hea te rs  t o  control  the  NaK temperature i n t o  the  heat exchanger. Other 

branches of the loop provide a means of f i l l i n g ,  draining, and f i l t e r i n g  t h e  NaK 

loop. 
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The condensing tube geometry used was t h a t  of a tapered tube, t he  inner  . 

diameter of which was uniformly tapered from a nominal 0.45 inch t o  0.20 inch 

over a length of 40 inches. The inner  diameter remained constant a t  0.20 inch 

t o  the  condenser tube e x i t  (12 i n . ) .  

coolant (NaK) flowed counter t o  the  d i r ec t ion  of mercury flow, was maintained 

a t  a constant height of 0.10 inch. The condensing tube w a l l  was 0.035 inch, 

and the  tube mater ia l  was 9M. 

The annular passage, through which t h e  

Instrumentation 

Pressures on the  mercury s ide  were measured by s t a i n l e s s  s t e e l  inductance- 

type transducers i n  the  high temperature (up t o  900° F )  sect ions of t h e  loop 

and by strain-gage-type transducers f o r  t h e  lower temperatures. Pressure data 

were recorded on an automatic data-acquis i t ion system and on a continuous trace,  

galvanometer-type recorder. 

Thermocouples throughout t he  system were constructed of I. S. A. standard- 

ca l ib ra t ion  E, Chromel-Constantan wires. On the  t e s t  section, thermocohples 

were at tached t o  the  outer  tube a t  1-inch i n t e r v a l s  along the  tube length; i n  

addition, thermocouples were immersed i n  t h e  NaK passage a t  5-inch in t e rva l s .  

Temperature data used i n  the  ana lys i s  were recorded on an automatic da t a  

acquis i t ion  system. 

Pro ce dure 

With t h e  NaK l i n e s  f i l l e d ,  power was appl ied t o  t h e  EM pump t o  start  c i r -  

culation. 

flow met e r . 
The NaK flow rate was indicated by a d i g i t a l  readout from the  EM 

The procedure f o r  t h e  mercury loop was similar t o  that  of t h e  nitrogen- 

cooled condenser; t h a t  is ,  t h e  mercury loop was evacuated t o  approximately 60 

microns of mercury, hea te rs  t o  vaporize mercury were brought up t o  temperature, 

and s t a r t u p  mercury vapor was allowed t o  purge t h e  mercury system t o  remove 
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, , ,noncondensables. Operating conditions predicated on the  SNAP-8 design require- 

ments were reached by gradually increasing mercury flow rate, NaK flow rate, and 

back pressure, each var iable  coordinated with t h e  o thers  i n  a "bootstrapping" 

operation. With t h e  mercury and NaK flow r a t e s  and the NaK i n l e t  temperature a t  

design l e v e l s  (155 and 515 lb /hr  and 500° F, respect ively) ,  t h e  i n t e r f a c e  posi- 

t i o n  was control led by manipulation of the back pressure. 

The i n t e r f a c e  was located by means of a temperature p r o f i l e  monitor, a 

v i s u a l  indicat ion of NaK temperature along t h e  condenser length. 

RESULTS OF COUNTERFUIW-NAK-COOLED CONDENSER 

Heat Transfer Coeff ic ients  

Typical p r o f i l e s  of NaK and mercury temperatures along t h e  condensing 

length are shown i n  f igure  14. Both the outer-tube ( s h e l l )  temperatures and 

the  NaK-stream temperatures a re  shown. 

values of saturated mercury and NaK f l o w  r a t e s  and NaK i n l e t  temperature. While 

these values were kept constant, the  interface was positioned by control l ing the  

condenser back pressure. 

ca lcu la t ions  was a curve t h a t  was fa i red  through t h e  stream temperature points  

with t h e  s h e l l  data  points  serving as guides. 

These p r o f i l e s  were based on constant 

The N a K  temperature p r o f i l e  used i n  t h e  heat t r a n s f e r  

The o v e r a l l  heat t r a n s f e r  coeff ic ient  was calculated incrementally, f o r  any 

one NaK-mercury temperature profile,  by considering t h e  f l u i d  temperatures 

en ter ing  and leaving any one increment of heat t r a n s f e r  area. 

p l o t t e d  as 6 U d . A  on the ordinate and 

a t y p i c a l  r e s u l t .  

values are such t h a t  a s t r a i g h t  l i n e  could be drawn through t h e  points. 

slope of t h i s  l i n e  can then be considered as a mean overa lLheat  t r a n s f e r  coef- 

f i c i e n t  for the  condenser section. For t h e  range of condensing length considered 

( 7  t o  32 in.  ), the  mean overa l l  heat t r a n s f e r  coeff ic ient  ranged from 2500 t o  

This was then 

1 dA on t h e  abscissa.  Figure 15 i s  

Except f o r  a small section of the  tube near the  i n l e t ,  t h e  

The 
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I 3150 B t u / ( h r ) ( f t 2 ) ( % ) .  The significance of these values of t h e  o v e r a l l  heat . 
I t r a n s f e r  coeff ic ient  i n  determining the  mercury condensing coef f ic ien t  may be 

seen i n  f igure 16. 

experimental values are  shown with the  mercury condensing coef f ic ien t  as the  

The range of the  mean o v e r a l l  heat- t ransfer-coeff ic ient  

ordinate  f o r  th ree  values of the  NaK heat t r a n s f e r  coeff ic ient .  For the condi- 

t i o n s  covered i n  t h i s  s e r i e s  of t e s t s ,  the  heat t r a n s f e r  coef f ic ien t  of NaK 

as calculated from an equation of Dwyer and Tu ( r e f .  4 )  was approximately 5000 

Btu/( hr)  ( f t 2 ) (  %). The values of 3000 and 8000 Btu/( h r )  ( f t 2 )  (%) a r e  included 

as a r b i t r a r y  curves. The magnitude of the  mercury condensation coef f ic ien t  i s  

indicated by t h e  region of overlap between the expected NE& heat- t ransfer-  

coef f ic ien t  value and the  experimental da ta  band. The r e s u l t s  ind ica te  t ha t  

t h e  mercury heat t r a n s f e r  coef f ic ien t  i s  g r e a t e r  than 10,000 Btu/( h r )  ( f t 2 )  (%) 

and l a r g e r  than any expected value of t h e  NaK heat t r a n s f e r  coef f ic ien t .  

NaK heat t r a n s f e r  coef f ic ien t  then i s  the more s igni f icant  f a c t o r  i n  a f f e c t i n g  

t h e  o v e r a l l  heat t r a n s f e r  coeff ic ient .  

The 

I n l e t  Pressure 

Determining the  c h a r a c t e r i s t i c  of the  mercury i n l e t  pressure as a funct ion 

of condensing length i s  important t o  t h e  designer concerned with turb ine  perfor- 

mance and pump operation. 

f o r  t h e  system, t h e  range and limits of condensing length  operation must be 

considered. 

Where t h e  l i q u i d  mercury l e g  serves as an inventory 

Finally, the c h a r a c t e r i s t i c  of t h e  pressure curve a f f e c t s  t h e  type 

of control  t h a t  might be considered f o r  condenser pressure o r  inventory control.  

Under saturated conditions, t h e  i n l e t  pressure of t h e  condenser i s  r e l a t e d  

t o  the vapor temperature at the  i n l e t  by t h e  pressure-temperature sa tura t ion  

relat ionship.  The i n l e t  temperature, i n  turn,  i s  d i c t a t e d  by the  heat t r a n s f e r  

c h a r a c t e r i s t i c s  of t h e  condenser. For a c l e a r e r  ins ight  i n t o  the  determination 

of i n l e t  pressure, then, it i s  necessary t o  d iscuss  t h e  f a c t o r s  contr ibut ing t o  
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condehsing heat t ransfer .  

The bas ic  heat t r a n s f e r  equation with regard t o  t h e  condenser is: 

I Q = U A ( L ” D )  

Subst i tut ing t h e  terms involved i n  the def in i t ion  of IMI’D and considering t h e  

heat t r a n s f e r  area as a function of t h e  condensing length r e s u l t  i n  

u f ( t  C ) mNaK 
TNaK 

& =  

In (‘ -k THg - TNaK out 

With f u r t h e r  manipulation the equation can be s t a t e d  i n  terms of t h e  NaK-mercury 

temperature difference a t  t h e  condenser i n l e t :  

TNaK 
THg - out 

e erxp 

If the f a c t o r s  on the  r i g h t  hand side are known and TNaK out 

determinable, t h e  equation can be solved for  T 

the  mercury i n l e t  pressure can then be obtained. 

i s  control led o r  

From t h e  sa tura t ion  curve 
Hg’ 

I n  t h i s  inves t iga t ion  t h e  mercury and NaK flow r a t e s  were constant. The 

temperature r i s e  of NaK and the  overa l l  heat t r a n s f e r  ra te ,  therefore,  was con- 

s t a n t  ( A  TNaK = 180°, Q = 19,400 Btu/hr) f o r  the  range of condensing lengths 

considered. From t h e  previous discussion on heat t r a n s f e r  coeff ic ients ,  U 

ranged from 2500 t o  3150 Btu/( h r )  ( f t 2 )  (9). Subst i tut ing each of these values 

and t h e  values of and Q i n t o  the  equation r e s u l t s  i n  t h e  curves i n  

f igure  17.  

NaK-mercury temperature difference with condensing length. 

coordinates, the  experimental values of t h e  NaK-mercury temperature difference 

Each curve then represents an inverse logarithmic funct ion of the 

On t h i s  same s e t  of 

a t  t h e  i n l e t  have been plotted.  

data w i t h  t h e  

The r e s u l t s  ind ica te  a close agreement of the 

U = 3150 B t u / ( h r ) ( f t 2 ) ( 9 )  curve f o r  condensing lengths  l e s s  
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than 1 6  inches. The curves tend t o  converge at t h e  longer condensing lengths. . 
An addi t ional  condition imposed on t h i s  system was that  of maintaining a 

constant i n l e t  NaK temperature. 

r i s e ,  resu l ted  i n  a constant NaK e x i t  (condenser i n l e t )  temperature. 

consequence, the shape of the NaK-mercury temperature-difference curve i s  

v i r t u a l l y  i d e n t i c a l  t o  t h a t  of the  mercury i n l e t  temperature. 

i n l e t  pressure determined from the  temperature curve, under sa tura t ion  condi- 

t ions,  together with measured pressure data  i s  shown as a curve i n  f igure  18. 

The experimental data  and the  calculated curve, obtained independently, are  i n  

good agreement. 

This, together  with a constant NaK temperature 

A s  a 

The mercury 

The pressure c h a r a c t e r i s t i c  curve ind ica tes  a high s e n s i t i v i t y  of the  i n l e t  

pressure w i t h  the  shor te r  condensing lengths. 

t h e  condensing length were not control lable  i n  t h i s  v ic in i ty .  

be of advantage, however, i f  an inventory control  system were based on the  response 

t o  change i n  the i n l e t  pressure. 

sure i s  r e l a t i v e l y  insensi t ive;  therefore,  a change i n  the  condensing length, 

such as i n  inventory depletion, w i l l  have l i t t l e  e f f e c t  on the i n l e t  pressure. 

A t  the  longer condensing lengths, however, pressure drop w i l l  increase, a f a c t  

which must be considered i n  t h e  pump operation. 

This would be disadvantageous if 

This region would 

A t  longer condensing lengths, the  i n l e t  pres- 

Pressure Drop 

The r e s u l t s  of the o v e r a l l  static-pressure-drop inves t iga t ion  a r e  shown i n  

f igure  19. 

0.4 p s i  apart .  

t h a t  t h e  two groupings e s t a b l i s h  t h e  l i m i t s  of pressure drop within the  s e t  of 

conditions. I n  e i t h e r  case there  was an o v e r a l l  pressure r i s e  f o r  p r a c t i c a l l y  

a l l  condensing lengths and a tendency toward a pressure drop was noted f o r  t h e  

longer, condensing lengths. 

The data  appeared t o  f a l l  i n t o  two d i s t i n c t  groupings, approximately 

The discrepancy i s  s t i l l  under invest igat ion,  bu t  it i s  f e l t  
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SUMMARY OF RESULTS 

An experimental study of the condensing c h a r a c t e r i s t i c s  of mercury vapor 

flowing i n  horizontal  s ingle  tubes yielded the  following r e s u l t s .  

Crossflow-Nitrogen-Cooled Condenser 

1. Comparison of 1- and 0-g pressure dr6p f o Y  nonwetter condensing showed - 

no s i g n i f i c a n t  difference f o r  a l l  f l o w  rates inyest igated i n  conStant diameter 

and tapered tubes. 

2. For nonwetted condensing flow, there  was an overa l l  s ta t ic -pressure  drop 

i n  constant diameter tubes. 

there  was an o v e r a l l  s ta t ic-pressure r i se .  

For wetted and nonwetted flow i n  tapered tubes, 

3. There was no s igni f icant  f r i c t i o n a l  pressure-drop difference between 

the  wetted and nonwetted conditions a t  the lower flow rates ,  bu t  there  was a 

g r e a t e r  f r i c t i o n a l  pressure drop under a wetted condition a t  t h e  higher flow 

rates. 

4. The Lockhart-Martinelli correlat ion predicted the  experimental values 

of the f r i c t i o n a l  pressure gradient accurately i n  the  higher qua l i ty  region of 

t h e  condenser; however, the  experimental values were higher than the predicted 

values of Lockhart-Martinelli i n  the lower-quality region. 

from the  predicted curves, t h e  data points f e l l  i n t o  a d i s t i n c t  grouping. 

Though deviating 

5. The experimental data compared with the  predict ions based on the  fog- 

flow theory showed s igni f icant  data sca t te r .  

Counterflow-NaK-Cooled Condenser 

1. The mean o v e r a l l  heat t r a n s f e r  coeff ic ient ,  resu l t ing  from calculat ions 

of l o c a l  heat t r a n s f e r  data t h a t  showed l i t t l e  var ia t ion  over most of the  con- 

densing section, was found t o  range from 2500 t o  3150 B t u / ( h r ) ( f t 2 ) ( ? F )  f o r  

condensing lengths  ranging from 7 t o  32 inches- 
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2. For t h e  conditions investigated,  t he  mercury condensation coef f ic ien t  

was high (above 10,000 B t u / ( h r ) ( f t 2 ) ( % )  f o r  any expected value of NaK) and 

cons t i tu ted  a smaller thermal res i s tance  compared with NaK. 

3. For t h e  operating conditions investigated,  t he  i n l e t  pressure was 

determined by the  heat t r a n s f e r  cha rac t e r i s t i c s  of t he  condenser, which Compared 

wel l  with the experimental data,  This r e su l t ed  i n  an in le t -pressure  curve that  

was sens i t ive  t o  condensing length  a t  the  shor te r  condensing lengths  and insen- 

s i t i v e  a t  the  longer condensing lengths. 

4. There was an  ove ra l l  pressure r i s e  f o r  most condensing lengths, with a 

t r end  toward a pressure drop a t  the  'longer.; condensing lengths. 
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TABLE I - RCWGE OF VARIABIXS FOR MERCURY CONDENSING EXPERIMENTS 

Item 

Gravity level ,  g ' s  

Wetted condition 

Tube mater ia l  

Tube diameter, in .  

Condensing length, 
in. 

Vapor mass flow 
rate, lb/sec 

Vapor i n l e t  
qua l i ty  

Vapor i n l e t  pres- 
sure, p s i a  

Vapor i n l e t  velocc 
i t y ,  f t / s e c  

Vapor i n l e t  
Reynolds number 
X 10-4 

"Single value 

Crossflow-Nitrogen cooled 

Gravity comparis 

1 and 0 

Nonwetted 

Pyrex 

Const ant 
0.27, 0.K 
0.49 

68 * 

0.025 
t o  0.05 

0.85 t o  
1. Q 

12 t o  26 

120 t o  
380 

2.0 
to. 
5.5 

1 and 0 

Ronw e t t e d 

304 
s ta in less  

s t e e l  

Zons t ant  
0.31 

45 t o  72 

0.025 
t o  0.05 

0.85 t o  
1.0 

16 t o  22 

190 t o  
330 

3.0 
t o  
5.0 

L t e s t s  

1 and 0 

Nonwe tt e( 

316 
Stainlesi  

steel  

Tapered 
0.40 t o  
0.15 

45 t o  72 

0.025 
t o  0.05 

0.85 t o  
1.0 

1 2  t o  22 

120 t o  
230 

2.0 
t o  
4.0 

detted comparison 
tes t s  

1 

Yonwetted 

304 
Stainless  

s t e e l  

rape red 
3.50 t o  
3.20 

18 t o  45 

0.025 
t o  0.05 

0.80 t o  
1.0 

13 t o  18 

90 t o  
190 

1.5 
t o  
4.0 

1 

Vetted 

Copper 

'apered 
1.50 t o  
1. 20 

.8 t o  43 

0.025 
t o  0.05 

0.80 t o  
1.0 

.4 to 19 

90 t o  
190 

1.5 
t o  
4.0 

!ounterf low- 
NaK cooled 

Nonwetting 
t e s t s  

1 

Nonw e t t e d 

9M 

Tapered 
0.45 t o  
0.20 

7 t o  42 

0.041 
t o  0.045 

1.0 

15 t o  22 

120 t o  
150 

3.0 
t o  
4.0 
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Flow direct ion - 

Figure 2. - Flow conf igurat ions at interface location for  1- and 0-g m e r c u r y  nonwett ing 
condensation (3/8-in. 0.d. glass tube). 

L 

n (a) Constant diameter tube (0. 31-in. i. d. ) 
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Interface,, 

0 12 2 4  3 6  4 8  6 0  12 
Distance f rom condensing tube in le t  l, i n  

(bl Tapered tube (0.40-in. i n le t  i. d. w i t h  taper ratio, 0.036 in. per ft). 
Figure 3. - Effect of gravi ty o n  local static p ressu re  drop. (Vapor mass 

flow rate, 0.0% Ib per sec. ) 
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Figure 4. - Effect of gravity o n  overal l  static pressure 
dif ference (vapor mass flow rate, 0.028 Iblsec). 

Data cu rve  of Koestel, et al. '. 

Two-phase flow modulus, x 
Figure 6. - Comparison of nonwett ing data cu rve  of t h i s  investi-  

gation wi th  the  nonwetting data curve of Koestel, et al. 



0 Constant diameter tube 
A Tapered tube r,Theoretical (ref. 1) 
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F igu re  8. - Flow conf igurat ions at interface location for wett ing and nonwett ing 
mercu ry  condensation in copper and stainless steel tubes, respectively. 
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(c) Vapor mass flow rate, 0.049 pound per second. 

Figure 9. - Effect of wett ing on  local static pressure drop 
(0.50-in. in le t  i. d. wi th  taper rat io 0.075 in. Ift). 
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Figure 10. - Effect of wett ing on  overall static pressure differ- 
ence (0 .5O-in. i. d. w i t h  taper rat io 0.075 in. Ift). 
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Figure 11. - Comparison of wetting data with Lockhar t -Mar t ine l l i  corre la t ion (tapered 

tube). 
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Figure 14. - Temperature distribution of NaK and condensing mercury in counterflw. 

U = 2780 Btu/(hr)(ft*N"F) 
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Figure 15. - Typical plot of /U dA as a function of /dA. 
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Figure 17. - Condenser inlet temperature difference 
as a function of condensing length. 
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Figure 16. - Mean mercury heat transfer coefficient versus mean 
overall heat transfer coefficient. 
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Figure 16. - Mercury inlet static pressure as a 
function of condensing length for NaK-cooled 
condenser. 
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Figure 19. - Overall pressure difference as a function of condensing length. 


