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I 

I 

Use of a d i rec t  contact heat exchanger i n  a secondary power 

cycle has recently been proposed as  a means of u t i l i z ing  geothermal 

energy i n  brine form. 

th i s  type of application would be very desirable due t o  the h i g h  

overall heat transfer coefficients obtainable and the elimination of 

the e f fec t  of scaling upon heat t ransfer .  

The use of a d i rec t  contact heat exchanger i n  

In t h i s  study, two direct  contact heat exchangers were con- 

structed and t e s t  resul ts  were obtained using water and refriqerant 

113 a s  the working f luids .  

three-phase mode; the water remained 1 i q u i d  throughout the vessel 

and the liquid refrigerant 113 underwent vaporization following d i rec t  

injection i n t o  the water. 

The heat exchanqers were oDerated i n  a 

The e f fec t  of important operational parameters - operating 

heights, refr igerant  113 in jec t ion  techniques, mass f l o w  r a t i o s ,  and 

temperatures - was studied t o  determine generalized trends important 

i n  the design and operation of a prototype three-phase d i rec t  contact 

heat exchanger. 

The primary system used i n  this s tudy performed well overall .  The 

i n i t i a l  favorable resul ts  of this study warrant fur ther  investigation of 

d i rec t  contact heat exchange as a means-of ut i l iz ing geothermal energy. 
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I .  INTRODUCTION 

15 Direct contact between droplets of a vo la t i le  f lu id  dispersed 

w i t h i n  an immiscible l i q u i d  medium provides an excellent potential 

for  heat exchange. Heat transfer coefficients for d i rec t  contact 

heat exchange have been reported by Sideman and Taitel [ l ]  a s  beinq 

one or  two orders of magnitude greater than the heat t ransfer  coef- 

f i c i en t s  for  processes u t i l i z i n g  metall ic heat t ransfer  surfaces. 

Other advantages include: 

areas;  

faces; c )  l e s s  severe corrosion problems; d )  re la t ively simple 

equipment design.  

applicable to  a wide variety of industrial  applications. The d i s a d -  

vantages of this tyoe of heat exchanger are basically centered around 

the potential loss of working f l u i d .  However, selection of proper 

a )  larger ,  more effective heat t ransfer  

b )  elimination of the scaling problem on heat t ransfer  sur- 

These advantages make direct  contact heat exchange 

f l u i d s  and present separation techniques can largely reduce this 

problem. 

Direct contact heat exchange has been the subject o f  numerous 

a r t i c l e s ;  the majority of which have dealt  w i t h  two phase systems, 

i . e . ,  systems i n  which heat is transferred from one f l u i d  i n  t h e l i q u i d  

phase to  a second f luid also i n  the l iquid phase. Recently, however, 

three phase systems have been investigated as possible desalinization 

techniques for  sea water [2 ,3,4] .  

i s  boiled off i n  the sea water forming small ice  c rys ta l s ,  

In this technique a secondary f luid 

These 
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c r y s t a l s  can then be separated and mel ted t o  y i e l d  f r e s h  water. 

second method i s  t o  b o i l  t h e  sea water us ing  d i r e c t  con tac t  heat  

t r a n s f e r  w i t h  a heavy organic l i q u i d  heated t o  a temperature above 

the s a t u r a t i o n  temperature of t he  sea water. The vapor t h a t  i s  

evolved can then be condensed t o  produce the  f r e s h  water. 

l i m i n a r y  economic assessment o f  t h e  l a t t e r  method has been shown t o  

compare favorab ly  w i t h  o the r  desal  i n i  z a t i  on processes [ 5). 

A 

A pre-  

Three phase systems have a l s o  been proposed as a means o f  

e x t r a c t i n g  heat  from geothermal b r i n e s  [6]. The ho t  geothermal b r i n e  

i s  used t o  b o i l  a secondary f l u i d  and t h e  r e s u l t i n g  vapor i s  used i n  

a b ina ry  power cyc le .  

S ing le  drop s tud ies  have been c a r r i e d  ou t  by severa l  authors 

[1,7,8] f o r  volume type th ree  phase d i r e c t  contact  heat exchangers. 

The term "volume type"  here r e f e r s  t o  heat exchangers i n  which the  

v o l a t i l e  l i q u i d  i s  i n j e c t e d  d i r e c t l y  i n t o  the  continuous l i q u i d  

medium. Sideman and T a i t e l  obta ined heat t r a n s f e r  c o e f f i c i e n t s  o f  

about 350 W/(m " C )  f o r  nonevaporatinq drop le ts ,  wh i le ,  f o r  d r o p l e t s  

o f  t h e  same i n i t i a l  drop diameter (3.5 mm) t h a t  completely evaporated, 

c o e f f i c i e n t s  on the  order  o f  23,000 W/(m "C)  were obtained. 

r e s u l t s  were obta ined by Wi lke [5] us ing  a heavy organic  l i q u i d  as the  

cont inuous phase and water as t h e  v o l a t i l e  phase. 

2 

2 S i m i l a r  

These papers i n d i -  

ca te  the  l a r g e  advantaqe o f  u t  

change o f  phase. 

Simpson e t .  a l .  [9,10] 

s i n g l e  drop immersed i n  a cont  

l i z i n g  heat t r a n s f e r  processes w i t h  

a l s o  s tud ied  the  evaporat ion o f  a 

nuous immisc ib le  phase and proposed 
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a new mathematical model. 

developed an i n t e g r a l  ana lys i s  f o r  t h e  evaporat ion o f  a s i n g l e  spher- 

i c a l  drop i n  an immisc ib le  medium. 

More r e c e n t l y ,  Jacobs and Thomas [ll] 

Very l i t t l e  in fo rmat ion  i s  a v a i l a b l e  concerning s i n g l e  drop 

s tud ies  f o r  sur face b o i l i n g  th ree  phase d i r e c t  con tac t  heat  exchang- 

ers .  The term "sur face b o i l i n g "  here r e f e r s  t o  heat exchange i n  

which the  v o l a t i l e  l i q u i d  i s  sprayed onto the  sur face o f  t he  cont inu-  

ous l i q u i d  medium. A paper by Waldram e t .  a l .  [12] d iscussed a system 

where small d r o p l e t s  o f  var ious organ ic  l i q u i d s ,  b o i l i n g  somewhat 

above room temperature, were a l lowed t o  f a l l  on a shal low l a y e r  o f  

ho t  s i l i c o n e  o i l .  A d iscuss ion o f  t h e  var ious modes o f  heat t r a n s f e r  

and the  phys i ca l  cond i t ions  necessary t o  produce these modes i s  pre- 

sented; however, noth ing i s  mentioned as t o  the  heat t r a n s f e r  r a t e s  

a t ta ined .  

S ing le  drop s tud ies  and t h e  associated theory  on t h e  heat 

t rans fe r  mechanism invo lved may n o t  be d i r e c t l y  extended t o  s i t u a -  

t i o n s  where l a r g e  numbers o f  d rop le ts  a r e  present  i n  a d ispersed 

phase due t o  arbitrary nucleation times and droplet coalescence. 

Sideman and Gat [13] s tud ied  the  problem o f  a m u l t i p l e  drop th ree  

phase d i r e c t  con tac t  heat t r a n s f e r  us ing  a volume type b o i l e r ,  w i t h  

the  i n t e n t  o f  exper imenta l l y  de termin ing  the  t r a n s f e r  c h a r a c t e r i s t i c s  

o f  a small sca le  l abo ra to ry  model under var ious opera t ing  cond i t i ons  

us ing  pentane and water. 

had a lower d e n s i t y  than the  cont inuous phase f l u i d  (water) .  

evaporat ion occurred as the  v o l a t i l e  d r o p l e t s  rose through t h e  

I n  t h i s  s tudy t h e  v o l a t i l e  f l u i d  (pentane) 

Thus, 
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continuous phase f l u i d .  

using a volumetric heat t ransfer  coefficient defined as :  

The resu l t s  of t h i s  study were presented 

U v  = C)/VAT 

where temperature driving force AT was approximated by the logar- 

ithmic mean temperature difference assuming counter-current flow. 

Values o f  this coefficient were reported as being as high as 

2 . 3  x lo5  W A ~ ~ O C ) .  

Somers e t .  a l .  [14,15] studied the evaporation of sea water 

sprayed onto a layer of hot mineral o i l ,  the mineral o i l  being less  

dense than the water. 

flashed a t  the surface o f  the o i l  while the remaining portions 

immediately sank  i n t o  the o i l  phase. Although the heat t ransfer  

appeared most promising, a foam formation occurred due to  extensive 

boiling below the surface of the mineral o i l .  This may well have 

been due to  the emulsion character is t ics  of the water-mineral o i l  

I t  was observed t h a t  the water drops partly 

sys tern. 

An experimental study of the transient boiling ra tes  of 

various cryogens on a water surface has been reported by Drake 

e t .  a l .  [16,17]. I n  these experiments, a layer of the cryogen was 

introduced onto the surface of a layer o f  water. 

allowed to boil o f f ,  and the evaporation rates were measured. 

the density o f  the cryogens was less  t h a n  the density of the water, 

a l l  of the boiling took place a t  the water-cryogen interface.  

The cryogen was 

Since 

In  

i 
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add i t i on ,  s ince  the  cryogens b o i l  a t  temperatures below the  f reez ing  

p o i n t  o f  water,  i t  was observed t h a t  i c e  formed a t  t h e  i n t e r f a c e  o f  

the  two f l u i d s  and extended i n t o  t h e  water. The heat t r a n s f e r  

t he re fo re  took p lace on a water - i ce  sur face o r  a s o l i d  i c e  o r  hydrate 

c r u s t  formed very e a r l y  i n  t h e  run. 

be descr ibed as a f o u r  phase system i n  con t ras t  t o  the  t h r e e  phase 

systems p rev ious l y  discussed. 

This  type o f  system would best 

It i s  t h e  purpose o f  t h i s  paper t o  exper imenta l l y  evaluate 

a sur face  b o i l i n g  m u l t i p l e  drop th ree  phase d i r e c t  con tac t  heat 

exchanger, i n  con t ras t  t o  the  volume b o i l i n g  exchanger discussed by 

Sideman and Gat 1131. 

t h a t  t h e  i n j e c t i o n  nozzle used f o r  t h e  v o l a t i l e  f l u i d  need n o t  come 

i n  contac t  w i t h  the  continuous phase f l u i d .  Th is  i s  e s p e c i a l l y  advan- 

tageous i n  cases where the  cont inuous phase f l u i d  i s  c o r r o s i v e  and/or 

presents poss ib le  sca l i ng  problems. 

the  v o l a t i l e  f l u i d  by spray ing i t  i n t o  a vapor reg ion  than by i n j e c t -  

i n g  i t  i n t o  a l i q u i d  reg ion.  

heat t r a n s f e r  surfaces, and thus more e f f e c t i v e  heat t r a n s f e r .  Atom- 

i z i n g  o r  spray nozzles do, however, present  t he  problem o f  s l i g h t l y  

h igher  pressure drops than l i q u i d  j e t  nozzles as a t rade  o f f  t o  the  

l a r g e r  heat t r a n s f e r  areas. 

The sur face  b o i l i n g  exchanger has t h e  advantage 

It i s  a l s o  much eas ie r  t o  atomize 

B e t t e r  a tomiza t ion  r e s u l t s  i n  l a r q e r  

Experiments were conducted on a small sca le l a b o r a t o r y  model 

us ing Re f r i ge ran t  113 as the  v o l a t i l e  f l u i d  and water as t h e  cont inu-  

ous phase f l u i d .  

surface of a two i n c h  l a y e r  o f  heated water us inq a low capac i t y  

I n  these experiments, R-113 was sprayed onto the  
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pressure nozzle producing a f inely atomized hollow cone spray 

pattern. 

collected, condensed, and recycled. Pertinent temperatures, pres- 

sures and flow rates  were recorded and evaluated and are  presented 

i n  the form of performance curves w i t h  particular i n t e re s t  placed 

on the e f fec ts  of flow rates  and temperature variations on the over- 

a l l  heat flow rate.  Results a re  also presented which define operat- 

i n g  conditions necessary to  produce complete boiling of the R-113 

and the conditions are shown a t  which incomplete b o i l i n g  begins to  

occur. A nondimensional equation i s  derived describing the perfor- 

mance of the t e s t  apparatus for  the range o f  operating conditions 

i nves t i gated . 

The R-113 was boiled out of the water and the vapor was 
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I I .  EXPERIMENTAL APPARATUS 

A. System 

A schematic of the system used to  supply the t e s t  vessel 

i s  shown i n  Figure 1 .  

systems; one supplying water t o  the t e s t  vessel and the other 

T h i s  system can be divided into two sub-  

supplying the R-113. 

1 .  Water Side 

The water was heated , , I  a s ta inless  steel  ket t le .  Steam, 

supplied by a large boiler i n  the b u i l d i n g ,  was r u n  through a 

jacket i n  the bottom portion of the ke t t le  to  supply the heat. 

1 .27 cm needle valve located on the steam in l e t  l ine  provided 

temperature control w i t h i n  the ke t t le .  Supp ly  t a n k  temperature was 

measured u s i n g  a chromel-alumel thermocouple w i t h  an accuracy of 

- + 1.0  OC. 

and a fresh water f i l l  l ine  was supplied a t  the t o p  t o  allow fo r  

frequent changes of water, i n s u r i n g  that  clean water was used i n  

a l l  of the t e s t s .  

A 

A d r a i n  l i ne  was constructed a t  the bottom of the ke t t le  

Hot water was pumped out of the ke t t le  u s i n g  a centrifugal 

A bypass l ine was provided a f t e r  the pump t o  reduce the load- pump. 

i n g  on the pump and t o  allow for  more s table  water flow control. 

Water flow rates were measured u s i n g  one of two F.  & P .  Rota- 

meters. The f i r s t  rotameter covered a range of 0 t o  56 l i t e r s / h r  
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w i t h  a calibrated accuracy of 2 1.0% of fu l l  scale.  The second flow 

meter had a range of 0 t o  114 l i t e r s / h r  w i t h  a calibrated accuracy 

of 5 1.0% of f u l l  scale. Due to  s l i g h t  fluctuations i n  flow rates ,  

accuracy d u r i n g  the experiments was reduced to  & 1.5 l i t e r s / h r  f o r  

both flow meters. 

meter to  prevent distortion i n  the readings caused by clogging or 

scaling w i t h i n  the flow meter. A 1.27 cm needle valve was placed 

between the f i l t e r  and the flow meter t o  provide flow control. 

A gasoline f i l t e r  was placed before the flow 

Water leaving the flow meter proceeded t o  the t e s t  vessel a t  

which point the temperature a t  the vessel in le t  was measured. 

temperature . o f  the water leaving the vessel was measured 

direct ly  a f t e r  the vessel. Both in l e t  a n d  ou t le t  tempera- 

tures were measured u s i n g  chrome1 -a1 unel thermocouples 

calibrated t o  5 0.1 "C. Water leaving the vessel was routed 

back t o  the heating ke t t le  t o  be recycled. A sample p o r t  was 

The 

placed i n  the water return l ine  to  determine i f  R-113 was being 

carried out w i t h  the water. 

2 .  R-113 Side 

R-113 was supplied t o  the t e s t  vessel from a weighing t a n k  

located on a se t  of scales. From the weighing tank, the R-113 was 

pumped t o  the t e s t  vessel using two centrifugal pumps i n  se r ies ,  pro- 

viding a l ine  pressure of up t o  138 kPa. Line pressure between the 

pumps and the vessel was measured us ing  one of two pressure gauges, 

a 0 t o  414 kPa gauge or a 0 to  103 kPa gauge. Most of the t e s t  runs 

were conducted within ranges where the smaller gauge was used; 
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however, some of the higher flow ra tes  required use of the larger 

gauge. The 0 t o  103 kPa gauge was calibrated us inq  a mercury mano- 

meter t o  - + 3.0% of fu l l  scale.  

us ing  a mercury manometer t o  - + 3.0% of f u l l  scale for  pressures up  

t o  207 kPa. 

located a f t e r  the pumps and before the pressure gauges. 

The 0 to  414 kPa gauge was calibrated 

R-113 flow was regulated us ing  a 0.635 cm needle valve 

After the pressure gauges, the R-113 was directed t o  the t e s t  

vessel. 

the vessel and the vapor leaving the vessel were measured u s i n g  

chromel-alumel thermocouples calibrated t o  - + 0.1 "C. 

A t  the t e s t  vessel, the temperatures of the R-113 entering 

The vapor then flowed t o  a gas phase flow meter. When R-113 

flow was in i t i a t ed ,  the temperature of the walls of this f low meter 

were lower than the saturation temperatures of both the R-113 vapors 

and the water vapors leaving the vessel. 

these vapors t o  condense and b u i l d  up  w i t h i n  the flow meter. When 

the system had r u n  long enough for  i t  t o  come t o  steady s t a t e ,  the 

R-113 that  had collected i n  this flowmeterbegan t o  boil o f f ;  however, 

the temperature w i t h i n  the flow meter was s t i l l  insuff ic ient  t o  

evaporate the water. T h u s  there was always a f i n i t e  amount of l i q u i d  

i n  this flowmeter which prevented i t s  use as a flow measuring device, 

and therefore, i t  was used merely as  a s i g h t  tube. 

This caused portions of 

From the flow meter, the vapor was taken t o  a finned tube 

heat exchanger t o  be condensed. 

second storage tank. 

The condensate was collected i n  a 
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B .  Vessel 

A schematic of the t e s t  vessel i s  shown in Figure 2 w i t h  a 

photograph of the vessel shown in Figure 3. I t  consisted o f  1 . 6  cm 

mild steel  on four sides, with 0.48 cm tempered glass on the front  

and back. The top was removable t o  allow for  modifications inside 

the vessel. A s t a  nless steel  tray was located 7.6 cm above the 

bottom of the vessel. 

o f  water onto which the R-113 was sprayed. 

shown i n  Figure 4. 

high, with the remaining side 5.08 cm high. 

water entered the tray along Side B ,  flowed across the tray to  Side A ,  

and there was spi l led over into the bottom of the vessel, t h u s  pro- 

viding a constant 5.08 cm water depth. 

This tray was used t o  provide a constant depth 

A drawing of the t ray i s  

I t  was constructed h a v i n g  three sides 7.62 cm 

Referring t o  Figure 4 ,  

Looking now a t  Figure 2 ,  water entered the vessel a t  point 1 

t h r o u g h  1.27 cm copper tubing which continued along the bottom of 

the vessel until i t  turned u p  and into the tray a t  point 2 .  I t  then 

flowed across the t r ay  and was spi l led over a t  point 3. 

i n g  over, i t  proceeded along the bottom of the vessel t o  a 1.27 cm 

copper t u b i n g  drain l ine  a t  point 4.  

The R-113 entered the vessel a t  point 5 through 0.32 cm 

After s p i l l -  

polyflow t u b i n g .  

vessel wall t o  a nozzle centered over the t ray (point 6 )  from which 

i t  was sprayed onto the surface o f  the water from a height o f  12.7 cm. 

The R-113 vapor l e f t  the vessel through 1.27 cm copper t u b i n g  a t  

point 7. 

0.64 cm copper t u b i n g  carried the R-113 from the 
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Vessel pressure was measured by connecting a p o r t  i n  the side 

of the vessel (point 8)  to  a 122 cm mercury manometer. 

alumel thermocouple calibrated t o  - + 0.1 "C was also provided to  

measure t ray temperature. I t  entered the vessel through the top 

plate (point 9 )  w i t h  the bead b e i n g  located half way between the front 

and back of the t ray and 7.62 cm from the weir side of the t ray.  

was constructed t o  allow for  variations in the height of the bead, 

t h u s  providing a horizontal temperature prof i le  i n  the t ray.  

A chromel- 

I t  

The vessel was insulated on a l l  sides using 7.72 cm poly- 

urethane board to  reduce heat losses to  the environment. 

sion of heat loss i s  given i n  Appendix I ) .  

i n  the insulation, one i n  the front and one i n  the back of the vessel, 

t o  allow for  visual observation inside the vessel. 

( A  discus- 

Two small holes were cut 

C .  Nozzle 

A drawing of the spray nozzle i s  shown i n  Figure 5 and the 

actual nozzle i t s e l f  i s  shown i n  Figure 6.  

cons t ruc t ion  cons i s t ing  o f  a nozz le  body and a spray insert .  T h e  

nozzle body leads the R-113 tangentially into a swirl chamber and, 

a f t e r  s p i n n i n g  i n  the swirl chamber, emerges through the o r i f i ce  i n  

the spray insert i n  the form of a hollow s p i n n i n g  column of l i q u i d .  

As i t  reaches the outer edge of the o r i f i ce ,  droplets a re  f l u n g  off 

of the spinning column, thus producing a hollow cone spray pattern. 

This type of nozzle provides a spray w i t h  nominal droplet s izes  of 

approximately 200 microns for  design pressures of 138 kPa [18]. 

The nozzle i s  of two part 

The 
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Figure 5. Schematic of  Spray Nozzle 
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Figure 6. Spray Nozzle 
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spray strikes the surface o f  the water in the form of a ring with an 

inside diameter of 12.7 cm m d  an outside diameter of 17.8 cm. Full 

cone nozzles and square spray nozzles are commercially available and 

would possibly have been more effective for our purposes. However, 

these nozzles require larger pressure drops for the same flow rates 

and thus, due to our pumping restrictions, it was necessary to stay 

with the hollow cone pattern. 



111. EXPERIMENTAL PROCEDURE 

Data collection was essent ia l ly  a s t ra ight  forward and simple 

Water temperature i n  the ke t t le  was s e t  by a d j u s t i n g  procedure. 

steam flow t o  provide the desired water i n l e t  temperature. 

monitoring of the thermocouple located i n  the ket t le  provided essen- 

t i a l l y  constant vessel i n l e t  temperature. Water flow was then se t  

using the 1.27 cm needle valve located direct ly  before the flow meter. 

Continuous 

As has been previously menti oned, water entering the vessel 

was directed in to  the t r a y  w i t h i n  the vessel from which i t  spi l led 

over onto the bottom of the vessel and was drained. 

of the R-113 vapor from being carried o u t  th rough  t h i s  d r a i n  l ine ,  i t  

was necessary to  have the water level i n  the bottom of the vessel 

completely cover the d r a i n .  

depth in the bottom of the vessel of approximately 7.62 cm. 

level could be observed through the hole i n  the in su la t ion  and was 

controlled u s i n g  the gate valve on the water ex i t  l ine.  

R-113 could now be supplied to  the t e s t  vessel. 

To prevent any 

All t e s t s  were therefore r u n  with a water 

This 

R-113 flow 

ra t e  was set u s i n g  the l ine pressure gauges. 

essent ia l ly  a t  atmospheric pressure, these gauges read the approxi- 

mate pressure d r o p  across the nozzle. This pressure drop was ca l i -  

brated against flow ra te  and gave readings of 5 1.9 l i t e r s / h r .  

s e t ,  the R-113 flow ra te  was measured t o  an even greater accuracy 

Since the vessel was 

Once 
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us ing  the scales on which the R-113 supply t a n k  was located and a 

stop watch. 

typical r u n  this amounted to  1.8 kg)  t o  leave the supply tank was 

measured yielding flow rates accurate to 5 0.2 l i t e r s /h r .  

The time i t  took f o r  a given amount of R-113 ( in  a 

Temperatures were recorded us ing  a two channel str ip chart 

recorder and a digital  voltmeter. 

voltmeter was used to  monitor the temperature of the water i n  the 

supply ke t t le .  By carefully controll ing this temperature, the 

temperature a t  the vessel i n l e t  was held constant throughout the 

experiment. 

the i n l e t  and out le t  water temperatures. Steady s t a t e  operation was 

attained when the temperature o f  the  water leaving the vessel became 

constant. 

whether or not steady s t a t e  had occurred. 

mately 45 minutes t o  s tab i l ize .  

thermocouple outputs were read u s i n g  the d i g i t a l  voltmeter. 

During the course of a t e s t ,  the 

The strip chart recorder was used to  continually monitor 

Thus the s t r i p  chart recorder was used t o  determine 

Typical t e s t s  took approxi- 

When steady s t a t e  was reached, a l l  



IV. DISCUSSION OF RESULTS 

The resu l t s  of t h i s  investigation consist essent ia l ly  of 

performance data fo r  the heat exchanger. The method used fo r  data 

reduction i s  given i n  Appendix 11. 

pertinent data fo r  each of the figures discussed. 

will be presented i n  four sections: a )  acceptable operating con- 

di t ions;  b )  heat transfer character is t ics ;  c )  approach temperatures; 

and d )  correl a t i  on equation. 

Appendix V contains a l l  o f  the 

This discussion 

A .  Acceptable Operating Conditions 

Grs 

Y 

As mentioned i n  the Introduction, the major disadvantage o f  

I t  i s  d i rec t  contact heat exchangers is the loss of working f l u i d .  

therefore necessary t o  determine a t  what point large scale carryover 

of R-113 occurs. 

used as the s i tuat ion where a b u i l d u p  of R-113 i n  the t r a y  occurs. 

Large scale carryover resul ts  when incomplete boiling o f  the R-113 

takes place. 

Carryover i s  defined for  the tray configuration 

Liquid R-113 begins t o  build u p  i n  the heat exchanger 

tray until  a point i s  reached a t  which t h i s  liquid R-113 i s  swept out 

of the heat exchanger w i t h  the water. 

Figures 7 ,  8 and 9 show curves used to  determine the point 

a t  which incomplete boiling occurs. The heat transferred t o  the 

R-113, represented by the square symbols, was calculated assuming 
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that  a l l  of the R-113 was evaporated. 

the actual heat transferred as calculated from the water side. Both 

The circular  symbols represent 

of the values of the transferred heat were divided by the mass flow 

ra te  of the R-113. The purpose of this procedure was to reduce any 

sca t te r  i n  the  data caused by s l igh t  fluctuations i n  the R-113 flow 

rate .  

When complete boiling occurs, the two values of the trans- 

ferred heat s h o u l d  coincide, as they do for  the higher water flow 

rates .  As the water flow ra te  decreases, however, the heat trans- 

ferred from the water begins t o  drop below the R-113 curve. I t  i s  a t  

this point t ha t  R-113 begins t o  b u i l d  up.  In Figures 7b ,  8 b  and 9b ,  

the R-113 data is  f i t  t o  a l eas t  squares l ine  to  allow f o r  a bet ter  

means of determining the conditions when incomplete boiling occurs. 

Also shown (by the vertical dotted l i ne )  i s  the buildup p o i n t  i t s e l f .  

Figure 10 shows a compilation of the data from Figures 7 ,  8 

and 9. 

mass flow r a t i o  and the temperature difference between the water 

in le t  temperature and the R-113 saturation temperature ( A T ' ) .  For 

Acceptable operating conditions a re  shown as a function of 

conditions above the curve, no b u i l d u p  should be expected. For 

operating conditions below the curve, incomplete boiling of the 

R-113 will  occur, and l i q u i d  R-113 i s  l ikely t o  be discharged 

t h r o u g h  the water out le t  l ine  i f  the system i s  allowed to  operate i n  

these conditions. 
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B. Heat Transfer Characteristics 

W i t h i n  the acceptable operating conditions, i t  was necessary 

to  evaluate the heat t ransfer  process f o r  various operating modes. 

To accomplish this, a UA factor  was defined as the net heat trans- 

ferred d i v i d e d  by the log mean temperature difference assuming 

counter-current flow. The area term was l e f t  i n  this heat t ransfer  

coefficient due t o  the d i f f icu l ty  of determining an appropriate area. 

Figures 11,  12 and 13 i l l u s t r a t e  the behavior of the UA 

factor a s  a function of A T ' ,  water flow rate ,  and R-113 flow ra te .  

As can be seen from Figure 13, UA i s  strongly dependent on AT'. 

UA factor  drops rapidly as AT' increases for  the range of tempera- 

tures tested i n  this study. UA i s  effect ively independent of water 

flow ra te  (Figure 1 2 )  as long as the water flow is  suff ic ient ly  h i g h  

t o  prevent b u i l d u p .  

R-113 flow ra te .  

R-113 flow ra t e s .  

The 

Figure 13 shows the strong dependence of UA on 

This figure shows a sha rp  r i s e  i n  UA for  increasing 

C .  Approach Temperatures 
-* 

Another important parameter involved i n  boiling heat transfer 

i s  the degree of superheat attained by the vola t i le  f l u i d .  For the 

optimum conditions, one would l ike  to  have the R-113 leave the vessel 

a t  i t s  saturation temperature. This would mean tha t  a l l  of the heat 

was transferred i n  the h ighly  e f f i c i en t  boiling mode rather t h a n  the 

less  e f f i c i en t  heating of a vapor. However, some degree of superheat 
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repor ted t h a t  

unavoidable. Both Moore 

f o r  h i g h l y  pure systems, 
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I S ]  and Sideman [ l ]  have 

drops o f  a v o l a t i l e  l i q u i d  

suspended i n  an i m i s c i b l e  l i q u i d  medium requ i red  an extreme degree 

o f  superheat t o  i n i t i a t e  vapor iza t ion .  

d iscussion, t h e  l a r g e  degree o f  turbulence and t h e  i m p u r i t i e s  i n  the  

f l u i d s  produced miniinum superheats o f  5 t o  7 "C. 

degree o f  superheat as a f u n c t i o n  of water f l o w  r a t e  f o r  var ious  

values o f  AT'. 

represent t h e  p o i n t  a t  which bu i ldup o f  R-113 began. 

w i t h  6% by weight  NaCl added t o  the  water i n d i c a t e d  n e g l i g i b l e  de- 

crease i n  t h i s  superheat requirement, as shown by t h e  s o l i d  c i r c u l a r  

symbols i n  F igure  14. 

t h e  water do n o t  seem t o  apprec iab ly  f u r t h e r  reduce t h e  degree o f  

superheat. 

I n  t h e  system s tud ied  i n  t h i s  

F igure  14 shows the  

The v e r t i c a l  bars c ross ing  t h e  curves i n  t h i s  f i g u r e  

F u r t h e r  t e s t s  

Thus, f u r t h e r  increases i n  t h e  i m p u r i t i e s  i n  

Another approach temperature t h a t  i s  use fu l  i n  e v a l u a t i n g  the  

performance o f  a d i r e c t  contact  heat exchanger i s  t h e  p inch-po in t  AT. 

Th is  parameter i s  best  dzscr ibed w i t h  the  a i d  o f  F igure  15. 

p o i n t  AT i s  de f ined a s  the minimum v e r t i c a l  d is tance between t h e  

water curve and the R-113 curve. 

o u t  i n  t h i s  i n v e s t i g a t i o n ,  t h i s  minimum AT occurred between p o i n t s  A 

and B. Once again, one would l i k e  t h i s  parameter t o  be as small  as 

poss ib le  i n  o rder  t o  t r a n s f e r  as much o f  t h e  a v a i l a b l e  energy as 

poss ib le .  F igure  16 shows values f o r  p inch-po in t  AT c a l c u l a t e d  as 

a f u n c t i o n  of water f l o w  r a t e  f o r  var ious  values of AT'. The v e r t i c a l  

bars i n d i c a t e  p o i n t s  a t  which bu i ldup begins t o  occur f o r  t h e  var ious 

Pinch- 

I n  a l l  o f  the  experiments c a r r i e d  
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temperatures. 

AT appears t o  decrease l inear ly  w i t h  increasing water flow ra tes .  

Minimum values for  pinch-point AT a re  i n  the range of 10 to  15 "C. 

For the range of conditions tested,  the pinch-point 

D. Correlation Equation 

Figure 17 represents an e f f o r t  to  correlate  the heat t ransfer  

data from these experiments into a nondimensional ized equation. A1 1 

data p o i n t s  used i n  this correlation were taken from the acceptable 

operating range where no buildup of R-113 was occurring. 

dimensionalized groups used t o  characterize the heat t ransfer  for  

these data points are  the following: 

The non- 

UA 

mR-l 13'P 
S t  = . 

'R-113 

Pr h 
= Pr Ja  - - fgR-113 HR-l 13 VR-113 VR-113 'P V (TH20 mean - TR-113 s a t . )  

and 

continuous phase r;l 

dispersed phase m 

where S t  i s  the Stanton number, Pr i s  the Prandtl number, Ja i s  the 

Jakob number, C is  the specific heat, and h 

zation. The temperature difference used i n  the Jakob number i s  the 

difference between the mean water temperature and the R-113 satura- 

i s  the heat of vapori- P f g  

t i  on temperature. 
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The dimensionless group H comes from an 

Jacobs and Thomas [ l l ] ,  where i t  was noted that  
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analysis developed by 

the important para- 

meters for  the evaporation of a single d r o p  of a vo la t i le  f l u i d  i n  a 

continuous l i q u i d  medium are  the drop dimensions, velocity,  the 

relat ive viscosi t ies  of the various f lu ids ,  the difference between 

the continuous phase f lu id  temperature and the saturation temperature 

of the vola t i le  f l u i d .  

solution to  the energy equation, tha t  the product of the P r a n d t l  

number and the Jakob number based on the vapor properties o f  the dis- 

persed phase ( H )  is  proportional to  the ra te  of evaporation of the 

l i q u i d  w i t h i n  the bubble. 

used i n  the Jakob number was the difference between the temperature 

of the continuous phase and the saturation temperature of the volat i le  

f luid.  

I t  was a l so  shown, by developing an integral 

The recommended temperature difference 

The Stanton number was included i n  the correlation equation 

as a means of t a k i n g  i n t o  account the s t rong  dependence of the R-113 

flow ra te  on the performance of the heat exchanger as demonstrated 

by F i g u r e  13. I t  a l s o  has t h e  advantage t h a t  no a rea  term need be 

defined fo r  the heat t ransfer  process. 

The f inal  nondimensionalized parameter, the mass flow ra t io ,  

was included as a measure of the dispersion of the R-113 i n  the 

water. For the multiple drop problem, there i s  no c lear  dimension to  

characterize the flow; however, the r a t i o  of i n i t i a l  drop diameter t o  

d r o p  spacing i s  obviously important since i t  affects  both the a b i l i t y  

of the drops to acquire heat from the continuous phase and the 
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coalescence o f  t he  drops. 

experiments, In fo rmat ion  concerning the  r a t i o  o f  drop diameter t o  

drop spacing was no t  ascertained. 

Since o n l y  one nozz le was used i n  t h e  

Using these th ree  nondimensional groups, t he  c o r r e l a t i o n  

equat ion t h a t  bes t  f i t s  t h e  data of F igure  13 i s :  

(0.142) 
St = 1.91 H (0.625) "continuous 

(mdi spersed p iase  



V .  CONCLUSIONS 

The r e s u l t s  obta ined i n  t h i s  i n v e s t i g a t i o n  can be summarized 

as fo l lows:  

1 )  Acceptable opera t ing  cond i t i ons  a re  shown t o  be 

dependent on AT '  and the  mass f l o w  r a t i o  o f  water 

t o  R-113. Acceptable opera t ing  cond i t i ons  a r e  

those cond i t ions  necessary t o  produce complete 

b o i l i n g  o f  the  R-113. I t i s  shown t h a t  as AT' 

increases the  requ i red  mass f l ow  r a t i o  decreases. 

The e f f i c i e n c y  of t he  heat exchanger, as descr ibed 

by the  UA f a c t o r ,  i s  shown t o  have a s t rong de- 

pendence on AT ' .  The UA f a c t o r  drops r a p i d l y  as 

A T '  increases f o r  t he  range o f  temperatures t e s t e d  

i n  t h i s  study. 

The UA f a c t o r  i s  e f f e c t i v e l y  independent o f  water 

f l o w  r a t e  as l ong  as t h e  f l o w  i s  s u f f i c i e n t l y  h i g h  

t o  produce complete b o i l i n g  o f  t h e  R-113. 

The UA f a c t o r  i s  s t r o n g l y  dependent on t h e  R-113 

f l o w  ra te .  

i n  a much h igher  UA f a c t o r .  

The minimum approach temperatures, as descr ibed 

us ing  the  p inch-po in t  AT, a re  shown t o  be i n  the  

range of 10 t o  17 "C. Th is  corresponds t o  minimum 

superheats o f  between 4 and 7 "C. 

2 )  

3 )  

4) 

Inc reas ing  t h e  R-713 f l o w  r a t e  r e s u l t s  

5 )  



6 )  The Stanton number f o r  hea t  t r a n s f e r  t o  the d i s -  

persed phase i s  shown t o  c o r r e l a t e  w i t h  the product 

of the Jakob number and the Prandtl  number, H .  

The c o r r e l a t i o n  equat ion  for  the present experiment 

is: 

(0.625) - (0.142) 
("H20'mR-1 13  St = 191 H 

f o r  condi t ions  where bu i  1 dup does not occur.  

40 

I 



LIST OF REFERENCES 

1. Sideman, S. and T a i t e l  , Y .  , "Direct Contact Heat T rans fe r  
w i t h  Change o f  Phase: 
Liquid Medium," I n t e r n a t i o n a l  Journal o f  Heat and Mass T r a n s f e r ,  
Vol . 7,  pp. 1273T289, 1964. 

Evaporation o f  Drops i n  an Immiscible 

2. Wiegandt, H.  F . ,  Office o f  S a l i n e  Water Progress Report No. 
- 41 , August 1960. 

3. Karnofsky, G.  and S t e i n h o f f ,  P.  F . ,  Of f i ce  of S a l i n e  Water 
Progress  Report No. 40, J u l y  1960. 

4. Shi loh ,  K.  and Sideman, S . ,  "Direct Contact Heat T rans fe r  w i t h  
Changer o f  Phase: 
The Canadian Journal of Chemical Engineering, Vol. 45, 
pp.  300-305, October 1967. 

Evaporation Rates i n  Vacuum Freezers," 

5. Wilke, C .  R . ,  Chang, C .  T . ,  Ledesma, V .  L .  and P o r t e r ,  J .  W . ,  
"Di rec t  Contact Heat T rans fe r  f o r  Sea Water Evaporation," 
Chemical Engineering Progress ,  Vol. 59, No. 1 2 ,  p p .  69-75, 
December 1963. 

6. Boehm, R .  F .  and Jacobs,  H .  R . ,  " F e a s i b i l i t y  Study of the A p p l i -  
c a t i o n  o f  Di rec t  Contact Heat Exchangers t o  Power Cycles U t i l i z -  
i n g  Geothermal Brines , I '  Energy Research and Development Adminis- 
t r a t i o n ,  E-(ll-1)2601 , J u l y  1974. 

7. Blander, M., Hengstenberg,  D.  and Katz, J .  L . ,  "Bubble  Nuclea- 
t i o n  i n  n-Pentane, n-Hexane, n-Pentane + Hexadecane Mixtures,  
and Water," The Journal o f  Physical Chemistry, Vol. 75, No. 23,  
pp.  3613-3619, 1971. 

8. Moore, G .  R . ,  "Vaporization o f  Superheated Drops i n  L iquids ,"  
AIChE J o u r n a l ,  Vol. 5 ,  No. 4, pp.  458-466, December 1959. 

9. Simpson, H. C . ,  Beggs, G .  C. and Nazi r ,  M . ,  "Evaporation o f  
Butane Drops i n  Brine," 4 t h  I n t e r n a t i o n a l  Symposium on Fresh 
Water From the Sea, Heidelberg,  Vol. 3 ,  pp .  409-420, 1973. 

10. Simpson, H. C . ,  Beggs, G .  C .  and Nazi r ,  M . ,  "Evaporation of a 
Droplet  of One Liquid Ris ing  Through a Second Immiscible Liquid - 
A New Theory o f  the Heat T rans fe r  Process ,"  F i f t h  I n t e r n a t i o n a l  
Heat T rans fe r  Conference, 1974. 



42 

11. Jacobs, H. R. and Thomas, K. D., "Evaporation of Immiscible 
Drops Within a Continuous Media," UTEC ME 75-111, University 
o f  Utah, 1975. 

12. Waldram, K. L., Fauske, H. K. and Bankoff, S. G., "Impaction 
o f  Volatile Liquid Droplets Onto a Hot Liquid Surface," 15th 
National Heat Transfer Conference, San Francisco, Calif., 
August 1975. 

13. Sideman, S. and Gat, Y., "Direct Contact Heat Transfer with 
Chanqe of Phase: SDrav Column Studies of a Three Phase Heat . "  
Exchanger , I t  AIChE Journal , Vol . 12, No. 3, pp. 296-303, 
March 1966. 

14. Somer, T. G., Bora, M., Kaymakcalan, O., Ozmen, S. and Arikan, Y., 
"Heat Transfer to an Immiscible Liquid Mixture and Between 
Liquids in Direct Contact," Desalination, Vol. 13, pp. 231-249, 
1973. 

15. Somer, T. G., Bora, M., Kaymakcalan, O., Ozmen, S. and Arikan, Y., 
"Pilot Plant Study of Desalination by Direct Contact Heat 
Transfer," Desalination, Vol. 13, pp. 221-229, 1973. 

16. Drake, E. M., Jeje, A .  E. and Reid, R. C., "Transient Boiling 
of Liquefied Cryogens on a Water Surface I. Nitrogen, Methane 
and Ethane," - International Journal o f  Heat and Mass Transfer, 
Vel. 18, pp. 1361-1368, 1975. 

17. Drake, E. M., Jeje, A. E. and Reid, R. C., "Transient Boiling 
of Liquefied Cryogens on a Water Surface 11. Liqht Hydrocarbon 
Mixtures , I t  International Journal of Heat and Mass Transfer, 
Vol. 18, pp. 1369-1375, 1975. 

18. Marshall, W .  R., Atomization and Spray Drying, American Insti- 
tute o f  Chemical Engineers, New York ,  New York,  1954. 

19. Keenan, J. H., Keyes, F.  G., Hill, P. G .  and Moore, J. G., 
Steam Tables, New York, New York, John Wiley & Sons, Inc., 1969. 

20. Thermodynamic Properties of Refrigerants, New York, New York, 
ASHRAE, 1969. 



crs 
Y 

APPENDIX I 

crs 

HEAT LOSS FROM VESSEL 

Heat l o s s  from t h e  vessel was ca l cu la ted  by reducing t h e  

vessel t o  a composite f l a t  p l a t e  w i t h  a sur face area equal t o  t h a t  

o f  the vessel ,  The t o t a l  surface area of t he  var ious  m a t e r i a l s  used 

i n  t h e  c o n s t r u c t i o n  o f  t h e  vessel i s  g iven below: 

Thermal 
M a t e r i a l  Area Conduc t i v i t y  

5/8" m i l d  s t e e l  0.539 m2 44 watts/m "C 

1" m i l d  s t e e l  0.045 m 2 44 watts/m "C 

3/16" tempered g lass 0.260 m 2 0.76 watts/m "C 

The e n t i r e  vessel was i n s u l a t e d  us ing th ree  inches o f  polyurethane 

foam w i t h  a thermal c o n d u c t i v i t y  o f  0.032 watts/m "C. The i n t e r n a l  

heat t r a n s f e r  c o e f f i c i e n t  was assumed t o  be 60 watts/m2 "C and the  

ex te rna l  heat t r a n s f e r  c o e f f i c i e n t  was assumed t o  be 30 watts/m2 "C.  

The temperature w i t h i n  t h e  vessel was taken as 75 "C and room temper- 

a tu re  was assumed t o  be 23 "C.  

heat losses were ca lcu la ted :  

l l s ina  these assumptions, t h e  f o l l o w i n g  

Mater i a1 

5/8" m i l d  s tee l  + i n s u l a t i o n  

1"  m i l d  s t e e l  + i n s u l a t i o n  

3/16" tempered g lass + i n s u l a t i o n  

To ta l  

Heat Loss 

11 wat ts  

1 wat t  

- %; 4 wat ts  

16 wat ts  
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Typical values of heat transferred from the water t o  the 

R-113 were on the order o f  800 watts. This means t h a t  the heat 

loss from the vessel t o  the environment was a mere 2% of the heat 

being transferred.  

accurately measured and therefore was neglected i n  the heat balance 

calculations. 

This i s  well below the range of what can be 



APPENDIX 11 

DATA REDUCTION 

The da ta  obtained from the experimental apparatus used i n  

th is  investigation consisted of the temperature a t  the water i n l e t  

( T w i ) ,  the temperature a t  the water ou t le t  (Two) ,  the temperature 

a t  the R-113 i n l e t  ( T R i ) ,  the temperature a t  the R-113 out le t  ( T R o ) ,  

the flow rates  o f  the water (mw) and the R-113 (iR), vessel pressure 

(P,,), and atmospheric pressure ( P a ) .  

values fo r  the net heat l o s t  f r m  the water ( Q w ) ,  the net heat gained 

by the R-113 ( Q R ) ,  the UA factor ( U A ) ,  and the pinch-point AT (AT ).  

This da ta  was reduced t o  give 

P 

Heat Balance 

The heat balance fo r  the t e s t  vessel was obtained u t i l i z i n g  

the following assuriptions: 

1 )  A l l  o f  the R-113 entering the vessel was vapor ized  

and  l e f t  the vessel t h r o u g h  the R-113 out le t  l ine .  

2 )  A port ion of the water entering the vessel was 

vaporized and l e f t  the vessel through the R-113 

out le t  l ine as saturated vapor a t  the R-113 out le t  

temperature. 

3)  Heat losses t o  the environment were assumed negli- 

gible.  



46 

These assumptions l ead  t o  t h e  energy equat ion shown below: 

where mwl i s  t h a t  p o r t i o n  o f  t h e  water en te r ing  t h e  vessel  t h a t  

remains i n  the  

i n g  the  vessel 

hw i ,  hwoy hso, 

l i q u i d  s ta te ,  ms i s  t h a t  p o r t i o n  o f  t h e  water en ter -  

t h a t  i s  vaporized, iR i s  the R-113 f l o w  r a t e ,  and 

hRi  and hRo a re  t h e  respec t ive  en tha lp ies  o f  t he  water 

i n ,  t h e  water out ,  t he  steam out ,  t h e  R-113 i n  and t h e  R-113 ou t .  

The mass f l o w  r a t e  o f  the  R-113 can be obta ined d i r e c t l y  

f rom t h e  exper imental  data; however, iwl and is must be ca lcu la ted .  

L e t t i n g  Ps equal the  p a r t i a l  pressure o f  the  water vapor i n  t h e  

vessel ,  PR equal 

vessel ,  and us ing  the  d e f i n i t i o n  o f  p a r t i a l  pressure:  

the  p a r t i a l  pressure o f  t he  R-113 vapor i n  t h e  

s = -  P m ~ M R  

pR "RMs 

where MR and Mw a re  the  molecular  weights of R-113 and water 

respec t i ve l y .  Reducing t h i s  equat ion g ives:  

( 11-2) 

Ps can be found i n  steam tab les  as t h e  s a t u r a t i o n  pressure f o r  a 

temperature o f  TRo and PR can be c a l c u l a t e d  from the  equat ion 

( I  1-3) 
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LmJ 
3 

PR - - Pv - Ps, thus y i e l d i n g  m; mwl can now be c a l c u l a t e d  us ing  

m = m w - m .  w l  S 

Now t h a t  the  f l o w  r a t e  i n  Equation (11-1) have been obtained, 

de terminat ion  of the  enthalpy change can be made. The en tha lpy  

change of t h e  water t h a t  remains l i q u i d  can be d i r e c t l y  found us ing  

the  d e f i n i t i o n  of s p e c i f i c  heats, i .e . ,  c AT = Ah. This  reduces 

Equat ion (11-1) to :  
P 

m c (Twi-T ) + ms(hwi-hso) + m ( h  -h ) = 0 (11-4) w l  Pw wo R R i  Ro 

The p o r t i o n  o f  t h e  water f l o w  being vapor ized en ters  the  

vessel and g ives  up heat as i t s  temperature drops from Twi t o  TRo. 

It then evaporates, absorbing an amount o f  heat equal t o  i t s  heat o f  

vapor i za t i on  (h 

change f o r  the  water t h a t  vapor izes i s  thus: 

) a t  t he  temperature o f  TRo. The n e t  en tha lpy  
fgW 

S u b s t i t u t i n g  i n t o  Equation (11-4) g ives :  

(11-5) 

The enthalpy change o f  t he  R-113 can be broken up i n t o  th ree  

F i r s t  the l i q u i d  R-113 e n t e r i n g  i s  heated up t o  i t s  s a t u r a t i o n  par ts .  

temperature, absorbing an amount o f  heat equal t o  c 
(TR 'R s a t  

-TRi), 

I \  

i 
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where TR 

o f  PR. 

i s  t h e  s a t u r a t i o n  temperature o f  t h e  R-113 a t  a pressure 
s a t  

The R-113 i s  then vaporized, absorbing an amount o f  heat 

i s  t h e  heat o f  vapor i za t i on  o f  R-113 
fgR 

equal t o  hf , where h 
gR 

a t  a pressure o f  PR. F i n a l l y ,  t h e  R-113 vapors a re  superheated 

absorbing an amount o f  heat g i ven  by h - h where h i s  equal t o  
gR SR 

t h e  enthalpy o f  t he  superheated vapors a t  T and h i s  equal t o  the  

enthalpy o f  t h e  saturated vapors a t  T . S u b s t i t u t i n g  these values 

i n t o  Equation (11-6) gives t h e  f i n a l  energy balance: 

Ro gR 

Rsa t 

1 + i (Twi-T ) - h 
w l  P, wo Ro fgW 

m c (Twi-T ) 
pw 

) - h + (hs -h )] = 0 ( I  1-7)  
fgR R 'R 

- 
Values f o r  t h e  p r o p e r t i e s  o f  water were obtained from Reference [19] 

and values f o r  the p roper t i es  o f  R-113 were obtained from Refer- 

ence [20]. 

Rearranging Equation (11-7) y i e l d s :  

(11-8) 

The l e f t  s i d e  o f  t h i s  equat ion represents  the  n e t  heat t r a n s f e r r e d  

from t h e  water (Q,) and t h e  r i g h t  s i d e  o f  t h i s  equat ion represents  

t h e  n e t  heat t rans fe r red  t o  t h e  R-113 (QR) .  Thus, t h e  d e f i n i t i o n s  o f  
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Q, and QR are:  

fgW 
Q, = m c (Twi-Two) + m c (Twi-T - h 

w l  Pw pw RO 
(11-9) 

(11-10) 

UA Fac tor  

The UA f a c t o r  was de f ined as t h e  ne t  heat t r a n s f e r r e d  d i v ided  

by the  l o g  mean temperature d i f f e r e n c e  assliming counter -cur ren t  f low.  

where 

and 

QR UA = - LMTD 

Pinch-po in t  AT (AT,,) 

P inch-po in t  AT was c a l c u l a t e d  w i t h  the  a i d  o f  F igu re  18. 

The equat ion f o r  t h e  water curve ( l i n e  AB) can be shown t o  be: 

(11-11) 
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(11-13) 

The p inch-po in t  AT i s  de f ined as t h e  minimum v e r t i c a l  d is tance 

between t h e  water  curve and t h e  R-113 curve. 

p o i n t s  C and D i n  F igure 18. 

be c a l c u l a t e d  f rom t h e  R-113 curve. 

enthalpy associated w i t h  the  heat ing o f  t h e  l i q u i d  R-113 from 

entrance c o n d i t i o n s  t o  s a t u r a t i o n  c o n d i t i o n s  as c a l c u l a t e d  from 

t h e  equat ion:  

This occurs between 

The va lue of % a t  these p o i n t s  can 

i s  equal t o  t h e  change i n  
- 
Ah2 

( I  1-1 4) 

The temperature o f  the  R-113 a t  p o i n t  C i s  t h e  s a t u r a t i o n  temperature 

o f  t h e  R-113. 

The temperature a t  p o i n t  D on t h e  water curve can now be 

c a l c u l a t e d  from Equation (11-13). 

TWP = [ Twi4Tw0] Ah + Two 

m c mR 

. gives:  pw M u l t i p l y i n g  t h e  r i g h t  s i d e  by 

(11-15) 
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I 

i -I 
i 
W 
I- 

- 
Ah 

Figure 18. Pinch-point AT 
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which reduces t o :  

( I  1-1 6 )  

where QRl i s  t h e  energy added t o  t h e  R-113 t o  heat i t  from entrance 

cond i t i ons  t o  s a t u r a t i o n  cond i t i ons .  Since t h e  ne t  energy added t o  

the R-113 i s  equal t o  t h e  n e t  energy l o s t  from the  water, Equation 

(11-16) reduces t o :  

Y 

The p inch -po in t  AT can now be d i r e c t l y  c a l c u l a t e d  by: 

(11-17) 

I 

(11-18) 

o r  

(11-19) 

Nomenclature f o r  Appendix I 1  

C - L i q u i d  s p e c i f i c  heat o f  R-113 

C - L i q u i d  s p e c i f i c  heat o f  water 

h - R-113 heat o f  v a p o r i z a t i o n  

PR 

P W  

fgR 
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h - Water heat of vaporization 
fgW 

- Enthalpy of R-113 entering vessel hR i 

- Enthalpy of R-113 leaving vessel Ro 
3 

- Enthalpy of saturated R-113 vapors hgR 

- Enthalpy of water entering vessel hwi 

- Enthalpy of water leaving vessel hwo 

- Enthalpy of steam leaving vessel hso 

- Total enthalpy change of R-113 Ahl 

- Enthalpy change associated with the heating of the 
l iquid R-113 from in l e t  conditions t o  saturation 
conditions 

Ah2 

LMTD - Log mean temperature difference 

- Mass flow r a t e  of R-113 mR 

- Mass f low r a t e  o f  water t u r n i n g  t o  steam mS 

- Total flow ra t e  of water 
W 

m 

- Mass flow ra t e  of water remaining liquid wl m 

- Molecular weight of R-113 

- Molecular weight of R-113 

MR 

Mw 
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u 
3 

'a 

pR 

pS 

p V  

QR 

QRl 

TR i 

TRo 

T 
Rsat 

Twi 

Two 

TWP 

ATP 

- Atmospheric pressure 

- Partial  pressure of R-113 i n  vessel 

- Partial  pressure of water vapor i n  vessel 

- Vessel pressure 

- Net heat gained by R-113 

Energy added t o  the R-113 t o  heat i t  from entrance 
conditions to  saturation conditions 

- 

- R-113 i n l e t  temperature 

- R-113 out le t  temperature 

- R-113 saturation temperature 

- Water inlet  temperature 

- Water out le t  temperature 

P 
- Temperature o f  water used in calculating AT 

- Pinch-point AT 
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9 COMPUTER ROUTINE 

This discussion contains instructions for  the operation of 

the data reduction routine, the necessary inputs, a variable l i s t ,  a 

l i s t i ng  o f  the  program, and a sample output. 

in the Real Time Basic language using the Univac 1108 computer a t  

the University of Utah Computing Center. 

The program was written 

The i n p u t s  t o  the program are:  

1 .  The thermocouple readings of the water i n l e t ,  the water 

ou t l e t ,  the R-113 i n l e t ,  and the R-113 ou t l e t ,  a l l  i n  

m i  11 ivo l  ts. 

The flow meter number (1 for the h i g h  ranae flow meter or 

2 for the low range flow meter) and the flow meter 

reading for  the water side. 

The R-113 flow rate  i n  gallons per hour. 

Tank  pressure and atmospheric pressure i n  inches of 

mercury. 

2. 

3. 

4. 

The computer u t i l i zes  a se r ies  of curve f i t s  to  convert these 

i n p u t s  into the i r  various values. 
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a3 
b 

D1 - LMTD (OF) 

List  of Variables 

D2 - Intermediate temperature 

1 D3 - Intermediate temperature 

D4 - R-113 flow ra t e  ( k g / h r )  

D5 - Flow r a t e  o f  water leaving vessel as steam ( k g / h r )  

Y D6 - Flow r a t e  of water leaving vessel as l iquid ( k g / h r )  

D7 - LMTD ("C) 

D8 - R-113 saturation temperature ("C) 

F1 - Total water flow ra te  (gal/hr) 

F2 - R-113 flow ra te  (gal/hr) 

F5 - Total water flow ra te  (lbrn/hr) 

F6 - R-113 flow ra t e  (lbm/hr) 

F7 - Flow ra t e  of water leaving vessel as steam (lbm/hr) 

F 8  - Flow r a t e  of water leaving vessel as l i q u i d  (lbm/hr) 

F9 - Total water flow ra te  ( k g / h r )  

H1 - Enthalpy of saturated R-113 l i q u i d  ( B t u / l b m )  

H2 - Enthalpy o f  saturated R-113 vapor ( B t u / l  bm) 

H3 - R-113 heat of vaporization (Btu/lbm) 

H4 - Enthalpy of superheated R-113 (Btu/lbm) 

H7 - Water heat o f  vaporization (Btu / lbm)  

K1 - Water flow meter number 

P1 - Vessel pressure (inches mercury gage) 

P2 - Atmospheric pressure ( i nches mercury) 

P3 - Part ia l  pressure o f  R-113 in vessel (psi)  
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P 4  - Intermediate pressure 

P5 - Part ia l  pressure of water i n  vessel (Pa)  

P6 - Partial  pressure of  R-113 i n  vessel (Pa)  

P7 - Part ia l  pressure of water i n  vessel (psi)  

P 8  - Vessel pressure (ps ia )  

P9 - Vessel pressure (Pa) 

Ql - Heat transferred from water (mc AT) ( B t u / h r )  

Q2 - Total heat transferred t o  R-113 ( B t u / h r )  

45 - Heat transferred t o  heat l i q u i d  R-113 to  saturation ( B t u / h r )  

46 - Heat transferred t o  evaporate R-113 ( B t u / h r )  

47 - Heat transferred t o  superheat R-113 ( B t u / h r )  

S - Intermediate number 

S1 - Pinch-point AT ( O F )  

S2  - Pinch point AT ( " C )  

S5 - Mean water temperature ( O F )  

S6 - Mean water temperature ( " C )  

T1 - Water in l e t  temperature ( O F )  

P 

T2 - Water o u t l e t  temperature (OF) 

T3 - R-113 i n l e t  temperature ( O F )  

T4 - R-113 out le t  temperature ( O F )  

T5 - Water i n l e t  temperature ( " C )  

T6 - Water out le t  temperature ( " C )  

T7 - R-113 i n l e t  temperature ("C)  

T8  - R-113 out le t  temperature ( " C )  

T9 - R-113 saturation temperature ( O F )  
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U - UA f a c t o r  (Btu/hr O F )  

U 1  - Heat l o s s  from water t h a t  remains l i q u i d  ( B t u / h r )  

U2 - Heat taken  by water  t u r n i n g  t o  steam ( B t u / h r )  

U3 - Net hea t  t r a n s f e r r e d  from water (Btu /hr )  

U4 - UA f a c t o r  (watts/"C) 

W 1  - Heat t r a n s f e r r e d  t o  hea t  l i q u i d  R-113 t o  s a t u r a t i o n  

W2 - Heat t r a n s f e r r e d  t o  evapora te  R-113 ( w a t t s )  

W3 - Heat t r a n s f e r r e d  t o  superhea t  R-113 ( w a t t s )  

144 - Total hea t  t r a n s f e r r e d  t o  R-113 ( w a t t s )  

W5 - Heat l o s s  from water t h a t  remains l i q u i d  ( w a t t s )  

146 - Heat taken  by water t u r n i n g  t o  steam (wa t t s )  

147 - Net hea t  t r a n s f e r r e d  from water ( w a t t s )  

(wa t t s  ) 

V 
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Program L i s t  

100 PRINT 'INPUT THE MILLIVOLT READINGS FOR: 1)TEMP. WATER I N '  
105 
110 PRINT 'R-113 OUT.' 

' 2 )  TEMP. WATER OUT 3 )  TEMP. R-113 I N  4 )  TEMP. ' 

115 INPUT T1 ,TZYT3,T4 
120 REM CALCULATE TEMPERATURES FROM CALIBRATION CURVE FITS (F)  
125 LET T1=-. 6379795*Tl*Tl+45.69303*T1+33.23435 
130 LET T2=-. 494631 4*TZ*T2+45.21539 T2+33.65707 
135 LET T3=-. 471 9833*T3*T3+45.17156*T3+33.61337 
140 LET T4=-. 242391 l*T4*T4+44.1477l*T4*34.56679 
145 LET S5  =(T l+T2) /2 
150 REM CONVERT TEMPERATURES TO C 
155 LET A=.55488 
160 LET B=17.755 
165 LET T5=A*Tl-B 
170 LET T6=A*T2-B 
175 LET T7=A*T3-B 
180 LET T8=A*T4-B 
185 LET S6=A*S5-B 
190 PRINT 'INPUT FLOW METER # AND READING FOR WATER' 
195 INPUT K1,Fl 
200 REM CALCULATE WATER FLOW RATE FROM CALIBRATION CURVE 
205 REM FITS I N  GPH 
210 I F  K l = l  THEM 225 
220 GO TO 235 

230 REM 
235 LET F5=8.1813*F1 
240 LET F9=F5/2.235 

250 INPUT F2 

260 LET F6=12.962*F2 
265 LET D4=F6/2.205 

275 INPUT Pl,P2 
280 LET P8=.49118*(Pl+PZ) 
283 LET P9=6894*P8 
290 REM CALCULATE PARTIAL PRESSURE OF WATER VAPOR I N  VESSEL 

225 LET F1 =1.553*F1-3.230 
CONVERT WATER FLOW RATE TO LBM/HR AND KWHR 

245 PRINT 'INPUT R-113 FLOW RATE (GPH)' 

255 REM CALCULATE R-113 FLOIi RATE I N  LBM/HR AND KG/HR 

270 PRINT 'INPUT TANK P AND ATMOS. P ( IN .  HG.) '  

P S I  AND PA) AND THE ASSOCIATED HEAT OF VAPORIZATION 
295 300 REF4 REM I BTU/LBM) FROM STEAM TABLE CURVE FITS. 
305 I F  T4<100 THEN 320 
310 I F  T4<131 THEN 330 
315 I F  T4<162 THEN 345 

325 GO TO 1155 
320 PRINT 'TEMP. R-113 OUT EXCEEDS STEAY TABLE CURVE F I T '  

330 LET P7=. 51 01 799E-3*T4*T4-. 7508953E-1 *T4+3.36946 
335 LET H7=-.9704596E-4*T4*T4-.5514279*T4+1093.1 
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340 GO TO 355 
345 LET P7=.9218157E-3*T4*T4-.1837579*T4+10.54667 
350 LET H7=-.2485435E-3*T4*T4-.5141338*T4+1090.82 

360 REM CALCULATE PARTIAL PRESSURE R-113 I N  P S I  AND PA 
365 LET P3=PS-P7 

355 LET P5=6894*P7 

370 LET P6=6894*P3 
375 REM CALCULATE STEAM CARRYOVER I N  LBM/HR AND KG/HR 
380 LET F7= (. 096056*F6*P7)/P3 
385 LET D5=F7/2.205 
390 RErl CALCULATE FLOW RATE OF WATER LEAVING THE VESSEL 
395 RE?! 

405 LET D6=F8/2.205 

415 REM 96.96 LBFl PEP. CUBIC FOOT AND A SPECIFIC HEAT OF THE 
420 REM 
425 RE!! 

435 REM LIQUID ENTHALPY (BTU/LBM), AND VAPOR ENTHALPY (BTU/LBM) 

445 I F  P3<10.5 THEN 470 
450 I F  P3<14.5 THEN 480 
455 I F  P 3 ~ 1 9 . 5  THEN 500 
460 I F  P3<25.5 THEN 520 
465 I F  P 3 ~ 3 0 . 5  THEN 540 

475 GO TO 1125 

AS LIQUID I N  LBM/HR AND KG/HR 
400 LET F=F5-F7 

410 REM CALCULATION OF Q FOR R-113 USING A LIQUID DENSITY OF 

LIQUID OF .218 BTU PER LBM PER DEGREE F 

430 REM 

440 REM FROM R-113 TABLE CURVE FITS. 

CALCULATE R-113 SATURATION TEMPERATURE (F  AND C), 

470 PRINT 'PRESSURE EXCEEDS RANGE OF R-113 TABLE CURVE F I T '  

480 LET T9=-.1250575*P3*P3+7.293981*P3+37.30327 
485 LET H1=-. 2576664E-1 *P3*P3+1.576661 *P3+15.30357 
490 LET H2=-. 1840998E-l*P3*P3+1.076896*P3+84.19097 

fiQO LET T9=-.7635257E-l*P3*P3+5.87078l*P3+47.70l'l7 
505 LET H1=-. 15391 14E-1 *P3*P3+1.267993*P3+17.59979 
51 0 LET H2=-. 11 45736E-lfP3*P3+. 871 3381 *P3+85.70316 

520 LET T9=-. 4843597E-1 *P3*P3+4.815339*P3+57.68259 
525 LET t i l = - .  1026264E-1 *P3*P3+1.073061 *P3+19.45455 
530 LET H2=-. 745658E-ZfP3*P3+. 7225737*P3+37.09507 

540 LET T9=-. 31 06334E-1 *P3*P3+3.970668*P3+67.92628 
545 LET H1=-. 5800642E-Z*P3*P3+. 8499256*P3+22.24455 
559 LET H2=-. 4097026#-2*P3*P3+. 5567701*P3+89.13838 
555 LET D8=(T9-32)/1.8 
560 REM 
565 LET H3=H2-H1 
570 REM CALCULATE ENTHALPY OF SUPERHEATED R-113 VAPOR LEAVING 
575 REV 

585 LET P4=16-P4 

495 GO TO 555 

515 GO TO 555 

535 GO TO 555 

CALCULATE R-113 HEAT OF VAPORIZATION (BTU/LBM) . 

THE VESSEL (BTU/LBM) USING R-113 TABLE CURVE F IT .  
580 LET H4=. 56745E-4*T4*T4+. 1449534*T4+78.18323 
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590 LET H4=H4+.04*P4 
595 REM CALCULATE HEAT ADDED TO R-113 TO HEAT I T  TO SATURATION 
600 REM BTU/HR), TO BOIL IT (BTUIHR), TO SUPERHEAT IT (BTU/HR), 
605 REM d ND THE TOTAL HEAT ADDED (BTU/HR) . 
610 LET Q5=.218*F6*(T9-T3) 

620 LET Q7=F6*(H4-H2) 
615 LET Q6=F6*H3 

625 LET Q2=Q5+Q6+Q7 
630 REM 
635 LET A=3.413 
640 LET Wl=Q5/A 
645 LET W2=QC/A 
650 LET W3=Q7/A 
655 LET W4=Q2/A 
660 REM 
665 REM 
670 REM 

CONVERT THESE VALUES TO WATTS. 

CALCULATION OF Q FOR WATER SIDE (BTU/HR AND NATTS) 
USING A LIQUID DENSITY OF 61.2 LBM/CUBIC FOOT 
AND A LIQUID SPECIFIC HEAT OF 1.0 BTU/LBM F. 

675 LET Ul=F8*1 .O*(Tl-T2) 
680 LET UZ=F7*(H7-(1 .O*(Tl-T4))) 
685 LET U3=Ul-U2 
690 LET W6=U1/3.413 
695 LET W6=U2/3.413 
700 LET W7=U3/3.413 
705 REM CALCULATION LMTD (F AND C )  ASSUMING A COUNTERFLOW 
71 0 REM CONFIGURATION 
715 LET D2=Tl-T4 
720 LET D3=T2-T3 
725 LET D1=( DZ-D3)/ (LOG (DZ/D3) ) 
730 LET D7=Dl/ l .8 
735 REM CALCULATION OF UA FACTOR (BTU/HR F AND WATTS/C) 
740 LET U=Q2/D1 
745 LET U4=U*.5274 

755 LET S =  (Q5/ (8.181 25*F1) )+T2 

765 LET S2=S1/1.8 
770 REM OUTPUT 
775 PRINT 
780 PRINT 
785 PRINT 'TEMP. WATER I N  = 'T lY 'F ' ,T5 , 'C '  
790 PRINT 'TEMP. WATER OUT ='T2,'F',T6,'C' 

800 PRINT 'TEMP. R-113 OUT ='T4,'F',T8,'C1 
805 PRINT 

815 PRINT 
820 PRINT 'MEAN WATER TEMP ='S5,'F',S6,'C' 
825 PRINT 
830 PRINT 
835 PRINT 'TOTAL WATER FLOW RATE =',F5,'LBM/HR' 

750 REM 

760 LET Sl=S-T9 

CALCULATION OF PINCH-POINT DELTA T (F AND C )  

795 PRINT 'TEMP. R-113 I N  ='T3, 'F' ,T7, 'C' 

810 PRINT 'R-113 SAT. TEMP. ='T9,'F',D8,'C' 
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840 PRINT ,,F9,'KG/HR' 
845 PRINT 
850 PRINT 'NATER FLOW REMAINING L IQUID = I  ,F5, 'LBM/HR' 
855 PRINT , ,D6, ' KG/HR' 
860 PRINT 
865 PRINT 'WATER FLOW LEAVING AS STEAM =',F7,'LBM/HR' 
870 PRINT , ,D5, ' KG/HR' 
875 PRINT 
880 PRINT 
885 PRINT 
890 PRINT 'R-113 FLOW RATE ='F6,'LBM/HR',D4,'KG/HR' 
895 PRINT 
900 PRINT 
905 PRINT 
910 PRINT 'TANK PRESSURE =',P8,'PSIA' 
915 PRINT ,, P9,'PA' 
920 PRINT 
925 PRINT 'PARTIAL PRESSURE STEAM = I  ,P7, ' P S I '  
930 PRINT ,,P5,'PA' 
935 PRINT 

945 PRINT ,,P6,'PA' 
950 PRINT 
955 PRINT 
960 PRINT 

940 PRINT 'PARTIAL PRESSURE R-113 = '  ,P3, ' P S I  ' 

965 PRINT 'HEAT LOSS FROM WATER REMAINING LIQUID =',Ul,'BTU/HR' 
970 PRINT , , ,W5, 'WATTS' 
975 PRINT 
980 PRINT 'HEAT GAIN FROM WATER TURNING TO STEAM =',UZ,'BTU/HR' 
990 PRINT 
995 PRINT ' NET HEAT TRANSFERRED FROM WATER = ' U3 , ' BTU/HR ' 
1000 PRINT ,,,,W7,'WATTS' 
1005 PRINT 
1010 PRINT 
1015 PRINT 

1025 PRINT ,,, W1,'WATTS' 
1030 PRINT 

1040 PRINT ,,, W2,'WATTS' 
1045 PRINT 

1055 PRINT ,,,,W3,'WATTS' 
1060 PRINT 

1070 PRINT ,,,W4,'WATTS' 
1075 PRINT 
1080 PRINT 
1085 PRINT 

1020 PRINT 'HEAT ADDED TO L IQUID R-113 =',,Q5,'BTU/HR' 

1035 PRINT 'HEAT ADDED TO BOIL R-113 =',,Q6,'BTU/HR' 

1050 PRINT 'HEAT ADDED TO SUPERHEAT R-113 = '  ,Q7,'BTU/HR' 

1065 PRINT 'NET HEAT ADDED TO R-113 =',,QZ,'BTU/HR' 
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1090 PRINT 'LMTD =',DlY'F;,D7,'C' 
1095 PRINT 
1100 PRINT 
1105 PRINT 'UA =',U,'BTU/LBM F',U4,'WATTS/C' 
1110 PRINT 
1115 PRINT 

1125 PRINT 
1130 PRINT 
1135 PRINT 
1140 PRINT 
1145 PRINT A 

1150 GO TO 100 
1155 END 

1120 PRINT 'PINCH-POINT =',SlY'F',S2,'C' 

> 
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Sample Ou tpu t  

INPUT THE MILLIVOLT READINGS FOR: 1:TEMP. WATER I N  
2 )  TEMP. WATER OUT 3 )  TEMP. R-113 I N  4 )  TEMP. 
R-113 OUT. 
? 3.106,2.754,1.267,2.320 
INPUT FLOW METER # AND READING FOR WATER 
? 1,21 
INPUT R-113 FLOW RATE (GPH) 
? 2.893 
INPUT TANK P AND ATMOS. P ( I N .  HG.) 
? 4.25,25.42 

TEMP. WATER I N  = 169.00216 F 
TEMP. WATER OUT = 154.42871 F 
TEMP. R-113 I N  = 90.088066 F 
TEMP. R-113 OUT = 135.68483 F 

R-113 SAT. TEMP. = 106.77479 F 

MEAN WATER TEMP = 161.71544 F 

TOTAL WATER FLOW RATE = 240.391 14 
1 09.02092 

WATER FLOW REMAINING LIQUID = 239.61464 
108.66877 

WATER FLOW LEAVING AS STEAM = .77650025 
.35215431 

R-113 FLOW RATE = 37.499066 LBM/HR 

TANK PRESSURE = 14.57331 
1 00468.399 

PARTIAL PRESSURE STEAM = 2.584481 5 
1781 7.415 

PARTIAL PRESSURE R-113 = 11 .988829 

76.020920 
67.934404 
32.233066 
57.533798 

41.541 552 

71.977662 

LBM/HR 
KG/HR 

LBM/HR 
KG/HR 

LBM/HR 
KG/ HR 

17.006379 

PS I A  
PA 

P S I  

P S I  

C 
C 
C 
C 

C 

C 

KG/HR 

82650.986 PA 
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HEAT LOSS FROM WATER REMAINING LIQUID = 

HEAT G A I N  FROM WATER TURNING TO STEAM = 

NET HEAT TRANSFERRED FROM WATER = 

HEAT ADDED TO LIQUID R-113 = 

HEAT ADDED TO BOIL R-113 = 

NET HEAD ADDED TO R-113 = 

LMTD = 47.139740 F 

UA = 57.427548 BTU/LBM F 

PINCH-POINT = 48.221376 F 

3492.01 16 
1023.1502 

763.42923 
223.68275 

2728.5823 
799.46743 

1 36.41 060 
39.967946 

2398.1849 
702.661 85 

2707.1 197 
793.17894 

26,188744 

30.287289 

26.789654 

BTU/HR 
WATTS 

BTU/HR 
WATTS 

BTU/HR 
WATTS 

BTU/HR 
WATTS 

BTU/HR 
WATTS 

BTU/HR 
WATTS 

C 

Id ATT S / C 

C 



APPENDIX I V  

DATA 

Th is  appendix contains,  i n  t a b u l a r  form, t h e  data used t o  

generate t h e  curves presented i n  t h i s  paper. 

t he  exper imental  apparatus i s  prov ided i n  reduced form w i t h  t h e  

necessary r e s u l t s  f o r  each curve inc luded.  

i n  these t a b l e s  i s  inc luded a t  t he  end o f  t h i s  sec t ion .  

The data ob ta ined from 

A l i s t  o f  va r iab les  used 
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98 

86 

74 

63 

62 

54 

46 

38 

17.0 

17.1 

16.8 

16.8 

16.7 

17.1 

17.1 

17.3 

17.1 

64.7 

64.5 

64.8 

64.8 
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64.3 

64.3 

64.7 
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57.1 

56.7 

55.6 

54.5 

53.0 

52.4 

51 .O 

49.2 

57.8 

32.5 

32.3 

32.9 

33.9 

33.4 

31.8 

31 .O 

30.5 

30.3 
-- 

51.3 

50.7 

50.4 

59.8 

48.5 

45.5 

43.5 

42.7 

42.8 

_s 

4 '"X 10 

(Pa) 

9.88 

9.88 

10.47 

10.01 

9.88 

9.91 

9.66 

9.40 

9.32 

- 
4 Pa x 10 

( P a )  

8.61 

8.61 

8.49 

8.49 

8.49 

8.56 

8.56 

8.56 

- 
'WlrnR 
x 105 
J l kg )  

1.67 

1.55 

1.67 

1.59 

1.59 

1.54 

1.52 

1.49 

1.38 

r 
x 105 
J / k d  

1.64 

1.63 

1.62 

1.61 

1.61 

1.60 

1.60 

1.60 

1.60 

0, 
U 
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109 
98 
86 
80 
74 
69 
63 
62 
58 
58 
54 
51 
50 
46 
42 
42 
38 
38 
34 
34 
30 
26 
26 

~ ~- 

16.8 
17.0 
16.8 
16.9 
16.9 
17.0 
16.9 
17.3 
16.7 
17.0 
17.0 
16.8 
17.1 
17.3 
16.9 
17.1 
17.4 
16.9 
16.6 
17.0 
16.9 
16.8 
16.7 

69.3 
69.3 
69.3 
69.4 
69.3 
69.4 
69.3 
68.9 
68.9 
68.8 
69.4 
69.2 
69.0 
69.0 
69.2 
69.1 
68.9 
68.9 
68.8 
68.9 
69.0 
69.1 
69.1 

Table 2 .  Data for Figure 9 

61.7 
61.1 
60.1 
59.1 
58.8 
57.8 
57.1 
55.6 
55.4 
55.2 
54.9 
54.8 
53.5 
52-9 
51.7 
51.4 
50.1 
50.5 
49.5 
49.9 
48.3 
49.0 
47.8 

33.8 
32.9 
32.6 
31.5 
32.4 
31.6 
32.2 
30.6 
32.3 
31.4 
32.9 
32.2 
31.7 
33.2 
32.2 
31.5 
32.2 
31.3 
31.9 
31.2 
31.1 
31.6 
31 . 0  

53.2 
53.3 
52.8 
52.3 
52.2 
51.4 
51.1 
49.6 
49.8 
48.8 
48.9 
49.9 
48.6 
47.1 
47.4 
47.2 
45.3 
46.4 
45.4 
45.2 
44.5 
44.3 
44.1 

p V  lo4 

( p a )  

9.92 
9.84 
9.88 
9.93 
9.92 
9.68 
9.92 

10.24 
9.53 
9.87 
9.63 
9.84 
9.70 
9.54 
9.53 
9.53 
9.55 
9.74 

.?* 9.44 
9.49 
9.44 
9.36 
9.36 

1 a x lo4 
(Pa 1 

8.65 
8.65 
8.65 
8.66 
8.65 
8.66 
8.65 
8.59 
8.64 
8.60 
8.62 
8 .65  
8.60 
8.62 
8.64 
8.60 
8.62 
8.60 
8.64 
8.60 
8.60 
8.64 
8.60 

x 105 
(J /kg)  

1.67 
1.58 
1 .58  
1.69 
1.58 
1.62 
1.56 
1.69 
1.61 
1.64 
1.60 
1.52 
1.58 
1.50 
1 ,52  
1 .53  
1.46 
1.47 
1.39 
1.34 
1 .30  
1.16 
1.06 

- 
Q R / ~ R  

x 105 
( J i b )  

1.64 
1.65 
1.65 
1.65 
1.64 
1.65 
1.64 
1.64 
1.63 
1.63 
1.62 
1 .63  
1.62 
1.60 
1.61 
1.62 
1.60 
1.61 
1.60 
1.61 
1.60 
1.60 
1.60 
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17.0 

16.9 

1 

63 

62 

54 

46 

38 

30 

22 

16.8 

16.8 

16.9 

16.9 

17.1 

16.9 

17.2 

86 

74 

16.8 

16.9 

' w i  
: " c )  

76.0 

76.3 

75.9 

76.4 

76.0 

75.6 

75.9 

75.8 

75.9 

75.5 

76.0 
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~ ~~ 

67.9 

67.4 

66.2 

64.8 

62.8 

63.1 

61 .O 

58.8 

56.2 

52.1 

48.6 

32.2 

32.0 

31.6 

31.7 

31.7 

30.3 

30.5 

30.4 

30.4 

30.3 

30.2 

57.5 

57.6 

57.1 

56.3 

54.9 

51.3 

50.8 

50.1 

47.3 

44.8 

42.6 

' V x 104 

(Pa)  

10.04 

10.00 

9.96 

9.96 

9.96 

9.65 

9.65 

9.74 

9.57 

9.65 

9.22 

8.61 

8.61 

8.61 

8.61 

8.61 

8.56 

8.56 

8.56 

8.56 

8.56 

8.56 

$,/iR 
x 105 
0 

1.69 

1.64 

1.61 

1.69 

1.65 

1.57 

1.64 

1.61 

1.56 

1.51 

1.25 

IR/~R 
x 105 
0 

1.68 

1.68 

1.68 

1.68 

1.67 

1.66 

1.65 

1.65 

1.63 

1.61 

1.60 cn 
CD 
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57.1 

61.7 

67.9 

73.3 

54.1 

56.9 

59.6 

iW 
(kg/hr) 

109 

109 

109 

109 

54 

54 

54 

32.5 

33.8 

32.2 

32.8 

28.5 

27.2 

28.8 

17.0 

16.8 

17.0 

16.8 

13.6 

13.8 

13.5 

-~ ~ 

Twi 
("C) 

64.7 

69.3 

76.0 

81.8 

66.0 

68.6 

72.3 

Tab le  4. Data for  Figure 12 

TRO 
("C) 

51.3 

53.2 

57.5 

62.0 

49.0 

50.9 

52.3 

9.88 

9.92 

10.05 

9.92 

9.04 

9.14 

9.22 

4 Pa x 10 

(.pa 1 
8.61 

8.65 

8.61 

8.49 

8.62 

8.60 

8.63 

22.2 

27.2 

34.6 

42.4 

25.9 

28.7 

32.3 

UA 
( w a t t s /  

"C) 

41.9 

35.5 

30.3 

27.4 

29.8 

27.7 

25.2 

v 
0 



c 

109 
98 
86 
80 
74 
69 
63 

109 
98 
86 
74 
63 

109 
98 
86 
74 

109 
98 
86 
74 
63 

16.8 
17.0 
16.8 
16.9 
16.9 
17.0 
16.9 
17.0 
16.9 
16.8 
16.9 
16.8 
17.0 
17.1 
16.8 
16.8 
16.8 
16.8 
16.8 
16.9 
16.9 

Tw i 
( " C )  

69.3 
69.3 
69.3 
69.4 
69.3 
69.4 
69.3 
76.0 
76.3 
75.9 
76.4 
76.0 
64.7 
64.5 
64.8 
64.8 
81.8 
81.9 
82.1 
82.2 
81.7 

Tab le  5. Data f o r  F i g u r e  13 

Two 
("0 

61.7 
61.1 
60.1 
59.1 
58.8 
57.8 
57.1 
67.9 
67.4 
66.2 
64.8 
62.8 
57.1 
56.7 
55.6 
54.5 
73.3 
72.8 
71.7 
70.4 
68.3 

T R i  
( " C )  -- 
33.8 
32.9 
32.6 
31.5 
32.4 
31.6 
32.2 
32.2 
31 .9  
31.6 
31.7 
31 - 7  
32.5 
32.3 
32.9 
33.9 
32.8 
32.6 
32.7 
32.6 
32.4 

53.2 
53.3 
52.8 
52.3 
52.2 
51.4 
51.1 
57.5 
57.6 
57.1 
56.3 
54.9 
51.3 
50.7 
50.4 
49.8 
62.0 
62.0 
61.2 
60.1 
58.7 

~~ 

pV  x l o 4  
(Pa 1 

9.92 
9.84 
9.88 
9.93 
9.92 
9.68 
9.92 

10.05 
10.00 

9.96 
9.96 
9.96 
9.88 
9.88 

10.48 
10.00 

9.92 
10.05 
10.01 
10.01 
9.97 

1 a x l o 4  
(Pa) 

8.65 
8.65 
8.65 
8.66 
8.65 
8.66 
8.65 
8.61 
8.61 
8.61 
8.61 
8.61 
8.61 
8.61 
8.49 
8.49 
8.49 
8.49 
8.49 
8.49 
8.49 

AT 
("a 
27.2 
27.5 
27.2 
27.0 
26.7 
27.7 
26.7 
34.6 
34.9 
34.6 
34.9 
34.1 
22.2 
22.0 
20.3 
21.7 
42.3 
41.9 
41.9 
41.7 
40.8 

UA 
w a t t s /  
"c) 

35.5 
36.0 
35.5 
35.3 
35.7 
35.4 
35.9 
30.3 
30.3 
30.3 
30.2 
30.1 
41.9 
41.6 
41.2 
42.5 
27.4 
27.6 
27.3 
27.2 
27.4 



c 

Table 6. Data f o r  F igu re  14 

8.64 24.7 

8.64 27.5 

8.64 26.4 

8.64 28.4 

8.64 28.7 

UA 
( w a t t s /  

O C )  

35.5 

33.4 

32.5 

28.4 

25.8 



m 
W 

( k g / h r )  

109 
98 
86 
80 
74 
69 
63 
62 
58 
58 
54 
51 
50 
46 
42 
42 
38 
38 
34 
34 
30 
26 
26 

109 

16.8 
17.0 
16.8 
16.9 
16.9 
17.0 
16.9 
17.3 
16.7 
17.0 
17.0 
16.8 
17.1 
17.3 
16.9 
17.1 
17.4 
16.9 
16.6 
17.0 
16.9 
16.8 
16.7 
17.0 

T w i  
("C) 

69.3 
69.3 
69.3 
69.4 
69.3 
69.4 
69.3 
65.9 
68.9 
68.8 
69.4 
69.2 
69.0 
69.0 
69.2 
63.1 
68.9 
68.9 
68.8 
68.9 
69.0 
69.1 
69.1 
64.7 

Tab le  7. Data f o r  F i g u r e  15 

61.7 
61.1 
60.1 
59.1 
58.8 
57.8 
57.1 
55.6 
55.4 
55.2 
54.9 
54.5 
53.5 
52.9 
51.7 
51.4 
50.1 
50.5 
49.5 
49.9 
48.3 
49.0 
47.8 
57.1 

33.8 
32.9 
32.6 
31.5 
32.4 
31.6 
32.2 
30.6 
32.3 
31.4 
32.9 
32.2 
31.7 
33.2 
32.2 
31.5 
32.2 
31.3 
31.9 
31.2 
31.1 
31.6 
31 .O 
32.5 

53.2 
53.3 
52.8 
52.3 
52.2 
51.4 
51.1 
49.6 
49.8 
48.8 
48.9 
49.9 
48.6 
47.1 
47.4 
47.2 
45.3 
46.4 
45.4 
45.2 
44.5 
44.3 
44.1 
51.3 

9.92 
9.84 
9.88 
9.93 
9.92 
9.68 
9.92 

10.24 
9.53 
9.87 
9.63 
9.84 
9.70 
9.54 
9.53 
9.53 
9.55 
9.74 
9.44 
9.49 
9.44 
9.36 
9.36 
9.88 

8.65 
8.65 
8.65 
8.66 
8.65 
8.66 
8.65 
8.59 
8.64 
8.60 
8.62 
8.65 
8.60 
8.62 
8.64 
8.60 
8.62 
8.60 
8.64 
8.60 
8.60 
8.64 
8.60 
8.61 

AT ' 
("0 

27.2 
27.5 
27.2 
27.0 
26.9 
27.7 
26.7 
24.9 
27.3 
25.9 
27.3 
26.6 
26.6 
26.8 
27.1 
27.0 
26.4 
26.0 
26.7 
26.6 
26.8 
27.1 
27.1 
22.2 

11.1 
11.4 
10.7 

9.9 
9.7 
9.7 
8.5 
5.6 
8 .2  
5.8 
6.8 
7.3 
6.2 
4.9 
5.3 
5.1 
2.7 
3.4 
3.2 
2.9 
2.2 
2.3 
2.0 
8.9 



t 

98 
86 
74 
63 
62 
54 
46 
38 

109 
98 
86 
74 
63 
62 
54 
46 
38 
30 
22 

17.1 
16.8 
16.8 
16.7 
17.1 
17.1 
17 .3  
17.1 
17.0 
16.9 
16.8 
16.9 
16.8 
16.8 
16.9 
16.9 
17.1 
16.9 
17.2 

64.5 
64.8 
64.8 
65.0 
64.3 
64.3 
64.7 
65.0 
76.0 
76.3 
75.9 
76.4 
76.0 
75.6 
75.9 
75.8 
75.9 
75.5 
76.0 

56.7 
55.6 
54.5 
53.0 
52.4 
51 . 0  
49.2 
47.8 
67.9 
67.4 
66.2 
64.8 
62.8 
63.1 
61 .O 
58.8 
56.2 
52.1 
48.6 

Table 7 (cont inued)  

32.3 
32.9 
33.9 
33.4 
31.8 
31 .O 
30.5 
30.3 
32.2 
31.9 
31.6 
31.7 
31.7 
30.3 
30.5 
30.4 
30.4 
30.3 
30.2 

50.7 
50.4 
49.8 
48.5 
45.5 
43.5 
42.7 
42.8 
57.5 
57.6 
57.1 
56.3 
54.9 
51.3 
50.8 
50.1 
47.3 
44.8 
42.6 

9.38 
10.48 
19.00 

9.88 
9.91 
9.66 
9.40 
9.32 

10.05 
10.00 

9.96 
9.96 
9.96 
9.65 
9.65 
9.74 
9.57 
9.65 
9.22 

8.61 
8.49 
8.49 
8.56 
8 , 5 6  
8.56 
8.56 
8.61 
8.61 
8.61 
8.61 
8.61 
8.61 
8.56 
8.59 
3.56 
8.56 
8.56 
8.56 

22.0 
20.3 
21.7 
22.0 
20.6 
21.2 
22.3 
22.9 
34.6 
34.9 
34.6 
34.9 
34.1 
34.0 
34. T 
33.6 
33.7 
32.6 
34.4 

8.1 
5.8 
6.6 
5.5 
1.8 
0.4 
0.2 
0.6 

16.1 
16.3 
15.7 
14.8 
13.0 

9.6 
9.0 
7 .9  
5 . 0  
1 .,8 
1 .o 

v 
P 



c 

109 
98 
86 
80 
74 
69 
63 
62 
58 
58 
54 
51 
50 
46 
42 
42 
38 
38 
34 
34 
30 
26 
26 

16.8 
17.0 
16.8 
16.9 
16.9 
17.0 
16.9 
17.3 
16.7 
17.0 
17.0 
16.8 
17.1 
17.3 
16.9 
17.1 
17.4 
16.9 
16.6 
17.0 
16.9 
16.8 
16.7 

69.3 
69.3 
69.3 
69.4 
69.3 
69.4 
69.3 
68.9 
68.9 
68.8 
69.4 
69.2 
69.0 
69.0 
69.2 
69.1 
68.9 
68.9 
68.8 
68.9 
69.0 
69.1 
69.1 

Table 8. Data f o r  Figure 17 

61.7 
61.1 
60.1 
59.1 
58.8 
57.8 
57.1 
55.6 
55.4 
55.2 
54.9 
54.8 
53.5 
52.9 
51.7 
51.4 
50.1 
50.5 
49.5 
49.9 
48.3 
49.0 
47.8 

S R 1 4 . m  

TR i 
( " C )  

33.8 
32.9 
32.6 
31.5 
32.4 
31.6 
32.2 
30.6 
32.3 
31.4 
32.9 
32.2 
31.7 
33.2 
32.2 
31.5 
32.2 
31.3 
31.9 
31.2 
31.9 
31.6 
31 . O  

53.2 
53.3 
52.8 
52.3 
52.2 
51.4 
51.1 
49.6 
49.8 
48.8 
48.9 
49.9 
48.6 
47.1 
47.4 
47.2 
45.3 
46.4 
45.4 
45.2 
44.5 
44.3 
44.1 

4 P" x 10 

( P a )  -- 
9.92 
9.84 
9.88 
9.93 
9.92 
9.68 
9.92 

10.24 
9.53 
9.87 
9.63 
9.84 
9.70 
9.54 
9.53 
9.53 
9.55 
9.74 
9.44 
9.49 
9.44 
9.36 
9.36 

4 Pa x 10 

(pa)  

8.65 
8.65 
8.65 
8.66 
8.65 
8.66 
8.65 
8.59 
8 ,64  
8 .60  
8.62 
8 .65  
8.60 
8.62 
8.64 
8.60 
8.62 
8.60 
8.64 
8.60 
8.60 
5.64 
8 .60  

AT ' 
("a 
27.2  
27.5 
27 .2  
27.0 
26.9 
27.7 
26.7 
24.9 
27.3 
25.9 
27.3 
26.6 
26.6 
26.8 
27.1 
27.0 
26.4 
26.0 
26.7 
26.6 
26.8 
27.1 
27.1 

- 
AT 

(0:) 

19.8 
19.6 
18.4 
17.2 
16.9 
16.6 
15.1 
12.4 
14.4 
13.0 
13.5 
13.0 
11 .9  
11.5 
10.5 
10.2 

8 .6  
8 .6  
8 . 4  
8.8 
7.4 
8 . 4  
7 . 2  



c -€. -c 

109 
98 
86 
74 
63 
62 
54 
46 
38 

109 
98 
86 
74 
63 
62 
54 
46 
38 
30 
22 

17.0 
17.1 
16.8 
16.8 
16.7 
17.1 
17.1 
17.3 
17.1 
17.0 
16.9 
16.8 
16.9 
16.8 
16.8 
16.9 
16.9 
17.1 
16.9 
17.2 

64.7 
64.5 
64.8 
64.8 
65.0 
64.3 
64.3 
64.7 
65.0 
76.0 
76.3 
75.9 
76.4 
76.0 
75.6 
75.9 
75.8 
75.9 
75.5 
76.0 

57.1 
56.7 
55.6 
54.5 
53.0 
52.4 
51 . O  
49.2 
47.8 
67.9 
67.4 
66.2 
64.8 
62.8 
63.1 
61 . O  

56.2 
52.1 
48.6 

58.8 

Table 8.  (continued) 

32.5 
32.3 
32.9 
33.9 
33.4 
31.8 
31 .O 
30.0 
30.3 
32.2 
31.9 
31 .G 
31.7 
31.7 
30.3 
30.5 
30.4 
30.4 
30.3 
30.2 

51.3 
50.7 
50.4 
49.8 
48.5 
45.5 
43.5 
42.7 
42.8 
57.5 
57.6 
57.1 
56.3 
54.9 
51.3 
50.8 
50.1 
47.3 
44.8 
42.6 

9.88 
9.88 

10.48 
10.00 

9.88 
9.91 
9.66 
9.40 
9.32 

10.05 
10.00 
9.96 
9.96 
9.96 
9.65 
9.65 
9.74 
9.57 
9.65 
9.22 

8.61 
8.61 
8.49 
8 .49  
8.49 
8.56 
8.56 
8.56 
8.56 
8.61 
8.61 
8.61 
8.61 
8.61 
8.56 
8.59 
8.56 
8.56 
8.56 
8.56 

22 .2  
22.0 
20.3 
21.7 
22.0 
20.6 
21.2 
22.3 
22.9 
34.6 
34.9 
34.6 
34.9 
34.1 
34.0 
34.1 
33.6 
33.7 
32.6 
34.4 

15.0 
14.5 
11.5 
11.8 
10.6 

9.5 
8 .7  
7.7 
6.9 

26.8 
26.5 
25.3 
23.8 
21.5 
22.9 
20.0 
17.5 
15.1 
10.7 
9.0 



c P -4 

109 
98 
86 
74 

109 
98 
86 
80 
74 
69 
63 
62 
58 
58 

109 
98 
86 
74 
63 
62 
54 
46 
58 

17.0 
17.1 
16.8 
16.8 
16.8 
17.0 
16.8 
16.9 
16.9 
17.0 
16.9 
17.3 
16.7 
17.0 
17.0 
16.9 
16.8 
16.9 
16.8 
16.8 
16.9 
16.9 
16.3 

'w i 
("0 

64.7 
64.5 
64.8 
64.8 
69.3 
69.3 
69.3 
69.4 
69.3 
69.4 
69.3 
68.9 
68.9 
68.8 
76.0 
76.3 
75.9 
76.4 
76.0 
75.6 
75.9 
75.8 
68.8 

Table 9. Data for  Figure 18 

'WO 

("C) 

57.1 
56.7 
55.6 
54.5 
61.7 
61.1 
60.1 
59.1 
58.8 
57.8 
57.1 
55.6 
55.4 
55.2 
67.9 
67.4 
6G.2 
64.8 
62.8 
63.1 
61 .O 
58.8 
54.0 

'Ri 
("C) 

32.5 
32.3 
32.9 
33.9 
33.8 
32.9 
32.6 
31.5 
32.4 
31.6 
32.2 
30.6 
32.3 
31 .I) 
32.2 
31.9 
31 .6  
31 - 7  
31.7 
30.3 
30.5 
30.4 
32.7 

TRo 
("C) 

51.3 
50.7 
50.4 
49.8 
53.2 
53.3 
52.8 
52.3 
52.2 
51.4 
51.1 
49.6 
49.8 
48.8 
57.5 
57.6 
57.1 
56.3 
54.9 
51.3 
50.8 
50.1 
49.0 

9.88 
9.88 

10.47 
10.01 

9.29 
9.84 
9.88 
9.93 
9.92 
9.68 
9.92 

10.24 
9.53 
9.87 

10.05 
10.00 
9.96 
9.96 
9.96 
9.65 
9.65 
9.74 

10.25 

8.61 
8.61 
8.49 
8.49 
8.65 
8.65 
8.65 
8.66 
8.65 
8.66 
8.65 
8.59 
8.64 
8.60 
8.61 
8.61 
8.61 
8.61 
8.61 
8.56 
8.56 
8.56 
8.64 

- 
AT ' 
("C) 

22.2 
22.0 
20.3 
21.7 
27.2 
27.5 
27.2 
27.0 
26.9 
27.7 
26.7 
24.9 
27.3 
25.9 
34.6 
34.9 
34.6 
34.9 
34.1 
34.0 
34.1 
33.1 
24.7 

I 

St 

- 
9.63 
9.51 
9.59 
9.89 
8.26 
8.27 
8.31 
8.17 
8.26 
8.14 
8.30 
8.07 
8.39 
8.06 
6.97 
7.00 
7.05 
6.97 
7.00 
6.34 
6.45 
6.61 
8.54 

G 

5.00 
5.04 
5.45 
5.15 
4.36 
4.28 
4.31 
4.31 
4.33 
4.25 
4.37 
4.70 
4.34 
4.52 
3.69 
3.63 
3.63 
3.60 
3.64 
3.62 
3.64 
3.69 
4.84 



58 
58 
58 
58 

109 
98 
86 
74 
63 

50.2 
48.9 
50.5 
50.2 
62.0 
62.0 
61.2 
60.1 
58.7 

15.5 
i 15.3 

14.2 
13.1 
16.8 
16.8 
16.8 
16.9 
16.9 

9.45 
9.74 
9.28 
9.15 
9.92 

10.05 
10.01 
10.01 

9.97 

68.7 
68.9 
68.9 
68.8 
81.8 
81.9 
82.1 
82.2 
81.7 

56.1 
54.7 
56.7 
57.2 
73.3 
72.5 
71.7 
70.4 
68.3 

Tab le  9. ( c o n t i n u e d )  

32.4 
32.4 
28.2 
28.1 
32.8 
32.6 
32.7 
32.6 
32.4 

8.64 
8.64 
8.64 
8.64 
8.49 
8.49 
8.49 
8.49 
8.49 

27.5 
26.4 
28.4 
28.7 
42.3 
41.9 
41.9 
41.7 
40.5 

W 

8.43 
8.31 
7.83 
7.72 
6.37 
6.41 
6.35 
6.30 
6.27 

W x 

4.29 
4.55 
4.21 
4.19 
3.21 
3.20 
3.18 
3.16 
3.18 



Variable List 79 u 
a 

h 

b 

G 

mR 

mW 

'a 

p" 

Q W 

S t  

TRi 

TRo 

Twi 

TWO 

A T  ' 

ATP 

UA 

- R-113 flow ra te  

- Water flow ra te  

- Atmospheric pressure 

- Vessel pressure 

- Net heat los t  from water 

- Stanton number 

- R-113 in l e t  temperature 

- R-113 out le t  temperature 

- Water in l e t  temperature 

- Water out le t  temperature 

- The difference between the water i n l e t  temperature and the 

R-113 saturation temperature 

- Pinch-point AT 

- The difference between the R-113 out le t  temperature and the 

R-113 saturation temperature 

- UA factor  



APPENDIX V 

DISCUSSION OF ERROR 

B 

This d iscuss ion w i l l  be concerned w i t h  the  assessment of t h e  

accuracy o f  t h e  var ious q u a n t i t i e s  repo r ted  i n  t h i s  t h e s i s .  The 

accuracy o f  t h e  data obtained from t h e  experimental apparatus as 

determined by c a l i b r a t i o n  i s  shown below: 

Temperatures . . . . . . . . . .  + 0.1 "C - 

Water f l o w  r a t e .  . . . . . . . .  + 1.5 l i t e r s / h r  

R-113 f l o w  r a t e .  . . . . . . . .  + 0.2 l i t e r s / h r  

- 

- 

To determine how these p o s s i b l e  v a r i a t i o n s  would extend t o  

the accuracy o f  t he  ca l cu la ted  q u a n t i t i e s  used i n  t h i s  paper ( i . e . ,  

Qw, QR, UA, and AT ) ,  t h e  fo l l ow ing  data,  corresponding t o  a t y p i c a l  

t e s t ,  i s  used: 
P 

Twi = 76.0 "C 

Two = 67.9 " C  

TRi = 32.2 "C 

TRo = 57.5 "C 

mw = 109 kg/hr 

mR = 17 kg/hr 

These values were changed by t h e i r  poss ib le  v a r i a t i o n s  i n  

such a manner as t o  produce t h e  maximum e r r o r  i n  the  c a l c u l a t e d  

q u 2 n t i t i e s .  The r e s u l t s  were r e c a l c u l a t e d  using these new 
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I temperatures and f l o w  ra tes .  The r e s u l t s  o f  t h i s  procedure a r e  

__ shown below: 

QW 

QR 

UA 

AT 

S t  
P 

Absolute E r r o r  Re1 a t  i ve E r r o r  

37 wat ts  5% 

14 wa t t s  2% 

0.5 watts/"C 2% 

0.2 1% 

0.3 5% 

These v a r i a t i o n s  represent  t h e  maximum poss ib le  e r r o r  f o r  

t h e  example da ta  p o i n t .  

values o f  e r r o r  a l s o  represent  a reasonable approximat ion f o r  e s t i -  

mating t h e  accuracy of t h e  remaining da ta  p o i n t s  repo r ted  i n  t h i s  

paper. 

Since t h i s  i s  a t y p i c a l  data p o i n t ,  these 
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