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ABSTRACT 

Analysis of f i e ld  performance data fran a binary cycle test  loop 

using geothermal brine and a hydrocarbon working f l u i d  is reported. 

Results include test loop operational problems, and shell-and-tube heat 

exchanger performance factors such as overal l  heat t ransfer  coeff ic ients ,  

f i lm coeff ic ients ,  pinch points, and pressure drops. 

Performance fac tors  are f o r  s i x  primary heaters having brine i n  the 

tubes and hydrocarbon in the shells i n  counterflow, and f o r  a condenser 

having cooling water in the tubes and hydrocarbon i n  the shell, Working 

f lu ids  reported are isobutane, 90/10 isobutane/isopentane, and 80/20 

isobutane/isopentane. 

f l u i d  a t  supercr i t ica l  conditions in the v ic in i ty  of their critical 

Performance factors  are for heating each working 

pressure and temperature and condensing the same f lu id ,  
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SECTION 1 - INTRODUCTION 

A Rankine cycle using a secondary working fluid is ideally suited for . ' 

! 

converting the thermal energy of moderate-temperature hydrothermal-geothermal 

resources to electric power. A typical cycle corifiguration employs convent- 

ional shell-and-tube heat exchangers, a hydrocarbon wor+ng fluid, and 

supercritical working fluid ndi t ibnst  yet perf0 nce data for such cycle 

configurations i n  actual geothermal servi are scarce. Good performance 

data could form sis for the design o large pilot or commercial power 

plant. 

shell-and- tube heat exch ers i n  geothermal service was initiated. 

Consequently, a program to tes t  and verify the performance of 

i e r  portion of the program was a co-operative venture between 

the Electric Power Research Institute and the Lawrence Berke 

(LBL). The results of that work are reported.el6ewhere.l The la t ter  

part of the pro I is the acquisition o f .  

heat exchanger pe ting parameters, i .e . , . 
temperatures, pressures, flow rates, w o r  d composition. Part I1 i s  

the modeling of the data fran Part I. Part I11 is a final report detailing 
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di f fe ren t  hydrocarbon c i t i ons  spanning t posit ion range of 

interest: commercial grade,iSObUtane, 90/10 mole percent isobutane/ 

isopentane, and 80/20 mole percent isobutane/isopentane. The program 

- fur ther  incorporated test  conditions (temperatures and pressures) proposed 

f o r  a coxxunerical ins ta l la t ion .  In effect, t h e  test loop w a s  b u i l t  t o  

V 

m i m i c  a 50 MW camnerical system, only on a much smaller scale, while  

providing useful information on the geothermal binary process. 

Supercr i t ical  Hydrocarbon Binary Process 

The geothermal-binary+-power cycle involves heat exchange d i r ec t ly  

from a l iquid geothermal brine to a hydrocarbon working fluid. 

system, the br ine is pumped fram a w e l l  as a liquid through a series of 

heaters. 

In  such a 

I f  the heaters are shell-and-tube heat exchangers, t h e  brine 

w i l l  usually pass through the tubes heating the hydrocarbon f l u i d  flowing 

i n  the she l l  side. The hydrocarbon is pumped as a liquid a t  supercr i t ical  

pressure to the cold heater and is heated by the brine as it passes through 

the  heater train. A t  the exit of the heater train. t h e  hydrocarbon has 

been heated beyond its critical temperature and leaves the train a6 a 

supercr i t ica l  vapor . 
The supercritical vapor drives .a turbegenerator  which extracts 

part of the energy imparted t o  the f l u i d  by the  brine, 

e x i t  the low pressure vapor is condensed i n  another shell-and-tube 

exchanger, giving up its l a t e n t  heat to the atmosphere through a cooling 

tower. The f luid then passes-to an accumulator where the cycle is complete. 

The hydrocarbon is recycled, allowing for the continuous extraction of 

energy fram the br ine and . i t 8  conversion in to  electricity. 

Frau the turbine 

+In the geothermal industry, closed Rankine-cycle processes using a 
secondary working f luid are called binary cycles. 
is w e l l  entrenched i n  the geothermal literature, we  embrace the terminology. 

Since the word binary 
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Unknown A r e a s  i n  the  Geothermal Binary Process 

Although the binary cycle is conceptually simple, p rac t i ca l  problems 

surround i ts  implementation. These unknown areas f a l l  i n to  two broad 

catagories: 

those concerned with the operation of the binary loop as a whole. 

those concerned with tlie design of the heat exchangers, and 

Primary Heat Exchangers 

The unknown area i n  the design of the heat exchangers centers on the 

fac tors  contributing t o  the accuracy of the design; i.e., f o r  a set of 

conditions, t he  a b i l i t y  t o  predict  the performance of the heaters within 

acceptable l imits .  

represents a departure from the  design of more conventional heat exchangers 

because the hydrocarbon is heated from a subcooled l iquid t o  a supercr i t ica l  

vapor. (The prediction of the tube side (br ine)  performance is not suspect. 

Consequently, when w e  re fe r  to "performance", we mean as dictated by the  

behavior of the hydrocarbon). 

is c l ea r ly  a l iqu id  whose thermodynamic and t ransport  properties are predict- 

able  and which change nearly l inear ly  with temperature. 

properties i n  the l iquid region do not change dramatically throughout a 

temperature range and are not s ignif icant ly  dependent upon changes i n  the 

pressure and therefore the pressure drop. 

conventionally accepted methods and correlations fo r  heat t ransfer  and 

pressure drop would be expected t o  apply w i t h  an acceptable level of 

accuracy. The current leve l  of accuracy fo r  predicting the  surface area 

i n  the l iqu id  region is approximately 2 15%. 

The design of the primary heaters f o r  the binary cycle 

A t  the cold end of the t r a in  the hydrocarbon 

The hydrocarbon 

The l iquid region is where 

A s  the hydrocarbon temperature increases, t he  hydrocarbon e n t e r s  

the "near-critical" region. The near-crit ical  region lies above and t o  

each side of the vapor-liquid dome, and extends out in to  the supercritical 

U 

Ld 
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region astride the transposed critical line+ (TCL). 

region a l l  the properties used i n  a heat t ransfer  calculation, i.e., the  

heat capacity, thermal conductivity, viscosity,  and density, "show marked 

In the near-cr i t ical  

non-linear behavior -as functions of temperature and pressure 

A prac t i ca l  consequence is t ha t  such design fac tors  as the log-mean- 

temperature-difference can no longer be computed from an exchanger's 

terminal conditions since the temperature-pressure p ro f i l e  is nonlinear 

between the terminal conditions. One must'then resor t  to a stepwise 

calculation along t h e  exchanger. 

are required, and an investigation of the va l id i ty  of standard correlations 

as tested against  actual performance is desireable. 

As a resu l t ,  special design techniques 

The correlat ions required t o  properly analyze the heat exchanger 

performance include models for the  thermodynamic propert ies  of the  fluids, 

their transport  properties,  t he  shel l  side pressure drop and the she l l  side 

heat t ransfer  coefficient.  

dependent upon the others. 

a t ion to  be tested. 

In the analysis, each individual model becomes 

This integrated model then becomes the correl- 

The dependence of one model on another can be seen when the following 

For a fixed exchanger geometry and mass flow rates points are considered. 

1. 

2. 

3 0' 

The heat t ransfer  coeff ic ient  is a function of the local  f l u i d  
properties . 
The loca l  f l u id  properties are a function of the local  temperature 
and pressure of the fluid.  

ra ture  and pressure are functions of 
hea t=t ransfer r red  t o . t h e  f luid and the pressure los s  up to the 
point consideration. 

+The transposed critical l i n e  is the  locus of points i n  the supercr i t ical  
region where the heat capacity is a maximum. - 
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4. The amount of heat transferred and the  pressure los s  are a function 
of the length traveled along the  exchanger. 

The length traveled along the exchanger is a function of the 
amount of heat transferred,  i.e., t h e  heat t ransfer  coefficient.  

5. 

The in ten t  of the program w a s  not t o  develop spec i f ic  correlations.  

but t o  select the standard forms of exis t ing correlat ions f o r  modeling the  

exchangers and t o  c o m p a r e  the modeling r e su l t s  with the observed performance. 

Various parts of the integrated m o d e l  adopted for this study are 

widely used by designers, t he  only exception might be the f l u i d  property 

algorithms. Therefore, such comparisons provide a measure of the tm- 

cer ta in ty  a designer could expect fo r  similar conditions. 

The importance of understanding how the  hydrocarbon behaves i n  the 

primary heaters can be viewed from t h e  following prespective: 

leve l  of fouling expected f o r  candidate sites fo r  geothermal binary power 

plants  means the greater the e f f ec t  of the individual f i lm coeff ic ients  on 

the required surface area. 

side w i l l  l i ke ly  be 50 t o  100% higher than fo r  the hydrocarban. Thus, t h e  

f i l m  coeff ic ient  fo r  the hydrocarbon is the major determining fac tor  i n  

f ix ing  the required surface area. 

predict ive a b i l i t y  fo r  the hydrocarbon are important fo r  a successful 

design 

The low 

In addition, the  fi lm coeff ic ients  fo r  the brine 

Therefore, correlat ions w i t h  r e l i ab le  

Condenser 

The other heat exchanger of i n t e re s t  is the condenser. To handle the 

hydrocarbon condenser loads envisioned f o r  a commercial s i z e  p lan t  requires 

a large device. Steam condenser technology i s  not applicable because the 

condensate volume change for  the hydrocarbon is f a r  smaller (about 30 t o  1 

compared t o  3,000 t o  1)  than f o r  steam. The re su l t  is a large volume of 
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c 

l iquid t h a t  must be carried out of the tube bundle without flooding the 

bundle. Also, the  condenser and its a b i l i t y  t o  condense the hydrocarbon a t  

as low a temperature as possible is  a major l imit ing fac tor  on the overall 

p o w e r  p lan t  performance. Consequently, the test program included a series 

of tests to obtain performance data on the condenser that would be useful 

in the design of a commercial s i z e  unit. 

T e s t  Loop 

The unknown areas concerning the binary cycle as a whole center on the 

fact that a complete binary loop had not heretofore been run i n  actual 

geothermal service, nor one the size of the test loop. 

goal w a s  to observe and test the s t a b i l i t y  of the loop as a whole, partic- 

u l a r ly  the  hydrocarbon flow behavior when the heating was subcritical, 

supercr i t ica l ,  and when traversing fran subcr i t ica l  t o  supercr i t ica l  

conditions. 

for the s t a r tup  of a commercial uni t .  

Consequently, a 

The latter test is  bpor t an t  i n  identifying potent ia l  problems 

Another goal w a s  to observe the performance of the other test loop 

equipment to help ident i fy  potent ia l  problem areas i n  design, r e l i a b i l i t y ,  

and control. 
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SECTION 2 - EXPERIMENTAL 

EQUIPMENT 

The test loop w a s  ins ta l led  a t  the U.S. Department of Energy's Geo- 

thermal T e s t  Fac i l i t y  (GTF) located an the E a s t  Mesa anomaly outside of 

Holtvi l le ,  Imperial County, California. Construction of the test loop 

begin in March 1980 with tes t ing  i n  June 1980 through March 1981. 

Brine f o r  the test w a s  provided by the  GTF w e l l s  Mesa 8-1 and Mesa 

6-2. 

provided brine f o r  the ear ly  tes t ing ,  but the w e l l  temperatures proved too  

low. Consequently, t he  Reda pump w a s  relocated t o  Mesa 6-2 which provided 

brine for the remainder of the testing. 'Located approximately 1/2 mile east 

Brine w a s . p p e d  fran the w e l l s  using a Reda downhole pump. Mesa 8-1 

of the test pad, Mesa 6-2 delivered brine to the pad a t  350 psia a t  340 t o  

345OF, with maximum flow of 220 gpm., 

insulated. 

Brine delivery l i n e s  to the pad were 

A chemical p ro f i l e  of Mesa 6-2 i s  reported i n  Table  2-1. The brine 

is typical of E a s t  Mesa in that Mesa 6-2 has a l o w  TDS and a high C02(g) 

content making the  brine a caco3(S) scaler. 

w a s  pressurized w e l l  above its f lash  point from wellhead t o  f i n a l  discharge. 

U s o ,  brine exi t ing the  test loop was maintained above 1500F t o  prevent 

L 

For this reason, t h e  brine 

fouling. 

of three f l u i d  loops: 

loops are interconnected through the primary brinefiydrocarbon heat exchanger 

t r a i n  and oondenser/subcooler t ra in .  

brine,  hydrocarbon, and cooling water. The three 

The heat load i s  rejected t o  the atmo- 

sphere through a w e t  cooling tower. The high pressure (heater)  portion of the 

hydrocarbon loop is separated fran the low-pressure (condenser) portion by an 

expansion valve in l i e u  of a turbine. 
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Table 2-1 

Chemical Profile of Well Mesa 6-2 
b 

6.1 - 5.9 
6000 - 5000 
5000 - 4800 

PH 

conductivity 

TDS 

HCO; 560 - 617 

0 

2142 - 1778 
156 - 160 

c1- 

si l ica 269 - 260 
+ Na 1700 - 1650 

K+ 150 - 120 
Li+  4 

++ Ca 16 - 9 
Fe 20.1 - 0.7 

7 B 

NOTES: 
taken at wellhead at unflashed conditions. 
TDS f e l l  to e4000 p p ,  and CO2(g) concentration increased. 

Analysis preformed April 1977 by LBL at GTF site. Sample 
During test  operations, 
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The primary brine/hydrocarbon heat exchanger t r a i n  consis ts  of six 

exchangers, both sides in series, w i t h  br ine i n  the tubes and hydrocarbon 

i n  the shells. 

Figure 2-2 and 2-1. 

Exchangers B-1 through B-5 are identical;  exchanger B-6 has double-segmented 

baffles w i t h  a l l  other specifications as listed i n  Table  2-2. 

The primary heat exchangers are labeled B-1 through B-6 i n  

Table 2-2 lists the main features of the exchangers. 

I , 

The f i n a l  design of the primary heaters w a s  a compranise between 

several  factors.  The hydrocarbon heating range spans 120°F t o  320OF. The 

brine temperature fa l ls  fran 340°F t o  200 to  15O0F. 

temperature is.below the  hydrocarbon e x i t  temperature, t ry ing  t o  complete 

Because the brine e x i t  

the heating i n  a single heater would require a heater of unwieldly size. 

Several series connected exchangers were therefore necessary. 

Next, t o  better explore the heat t ransfer  and f lu id  f l o w  behavior 

of the hydrocarbon required data points along the  heating curve. 

simplest solution was series connected exchangers w i t h  data s t a t ions  

located between exchangers. 

The 

Finally, t o  ensure that the heater performance data could be extra- 

polated w i t h  same degree of confidence to the  design of un i t s  suitable fo r  

a commerical s i z e  power plant ,  the internal  configuration w a s  choosen 

so that the heat f lux and f l u i d  flow regimes were typical of proposed 

commerical s i z e  units.  The f i n a l  design came about after conversations 

w i t h  various heat exchanger designers. 

t o  span the 120°F t o  320°F working conditions fo r  the hydrocarbon. 

Six 24 f t .  exchangers were necessary 

Unflashed, pressurized brine enters  B-6, B-5, o r  B-4 depending on the 

U 

operation of the i n l e t  valving. The exchangers B-4 through B-6 span the 
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Table 2-2. Primary heat exchanger details. 

of tubes per exchanger: 62 
No. of passes: 1 s h e l l  s , 1 tube side 
Tube length: 24 f t  
Tube size:  3/4 i n  O.D., 
Tube Material: carbon steel (SA-214) 
Tube pitch: 
Shell I.D.: 8.625 
Baffle spacing: 12 in.  
Baffle cut: 

Area per exchanger: 292 f t 2  
Number of exchangers: 6 
Nominal dia. shell side nozzles: 6 in.  
.Nominal dia. tube side nozzles: 3 in.  
TEMA type E she l l  

Exchangers: B-1 t h ru  B-5 
Flow orientation: 30° 
Baffle cut: 13/16 in. from center l i n e  
Cross flow area: 20.3 sq. in. 
N e t  window area: 11.8 sq. in. 

Exchanger: B-6 
Flow orientation: 60° 
Vertical cut double segmental baff les  
Center baffle cut: 2-11/32 in. from center l i n e  
Outer baffles cut: 1-13/32 in. from center l i n e  
Crossflow area: 20.3 sq. in. 
O u t e r  ne t  window area: 10/6 sq. in.  
Inner ne t  window area: 9.9 sq. in. 

15/16 in., t r iangular  array 

horizontal cut  segmental baff les ,  
13/16 in. from center l i n e  

If 

i 

i 
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near-cr i t ical  region. The brine valving connecting these exchangers to  

the brine supply allows the temperature-pressure p ro f i l e  of the heating 

curve to be adjusted so t h a t  data may be more readi ly  obtained throughout 

r i t i ca l  region. Spent br ine ex i t s  B-1 then flows to  the GTF 

s i lencer  were it w a s  flashed t o  the atmosphere. 

Superheated hydrocarbon ex i  

valve, then enters  the condenser 

-6, flows through the pressure-reducing 

e condenser is  a two pass un i t  w i t h  

a1 pass lanes  and external valving tha t  allows the tube 

halved. Table  2-3 lists the m a i n  features  of the condenser a 

shows the condense subcooler assembly. Cooling w a t  the condenser/ 

subcooler w a s  supp ed by the  GTF cooling tower. 

ndensed hydrocarbon is fur ther  cooled by the  subcooler to about 

' I  

120°F, then enters  the hydrocarbon feed pump, P o l ,  where it is pressurized 

to supe rc i i t i ca l  press 

to the e x i t  of B-6. 

ted upon passage 

Others features o handling system, 

loop. The hydrocarbon handling system consis ts  of hydrocarbon storage 

amount of hydrocarbon added 

for adding or withdrawing 

necessary valving. 

f an in l ine  f i l t e r  i n  a 

ove particulates down to 

e condenser recirculat ion loop allows the cooling water flow through 

the condenser to be changed t o  alter the cooling water temperature prof i le .  
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Table 2-3. Condenser de ta i l s .  

NO. O f  tubes: 332 
No. of passes: 1 s h e l l  s ide ,  1 tube sidea 
Tube length: 24 f t  
Tube s i z e :  3/4 i n  O.D., 14 BWG. 
Tube material: carbon steel (SA-214) 
Tube pitch: 
s h e l l  I.D.: 22 i n .  
Baff les  : rts 

15/16 i n . ,  triangular array 

U 
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A l l  heat exchangers and interconnecting piping were constructed of 

carbon steel and w e r e  insulated. 

The test loop was designed f o r  a thermal heat load of 16 million 

bd 

bi 

BTU/hr.# or about 1% of the thermal load for a 50 Mw commerical ins ta l -  

l i e t s  the major design paints  for the test loop based 

upon isobutane as the working f lu id .  

Instruments: . 

Performance data on the &?at, exchangers consisted of temperatures, 

pressures, flow rates, and the hydrocarbon composition. 

Temperaturest 

Temperatures were recorded from mercury-in-glass thermometers. 

Thermometers were inserted i n t o  carbon steel themowells having a minimum ~- 

of 4 inch penetration depth. Thermowells were located where possible i n  

regions of turbulent f luid flow, e.g., i n  elbows w i t h  the thermowell bottom 

pointing upstream. 

did not have to be withdrawn fram the wells t o  be read. The thenmometers 

Thermometer ranges were selected so that thermometers 

were further enclosed i n  steel amour guards having a slit for  viewing. 

Insulat ing sleeves were ins ta l led  Over the armoured guards. 

w a s  to bring t h e  e n t i r e  thermometer to a uniform temperature and thereby 

reduce the thermometer temperature grad ien t ’ to  a point where stem corrections 

were unnecessary. The thermometers, depending on the range, were graduated 

The net  e f f ec t  

i n  0 . 1 0 ~  or 0.2OF increments. 

pressures : 

Pressures were recorded on two types of Ashcroft precision gauges. 

Cooling water pressures w e r e  on individual gauges reading i n  psig. All 

other pressures were read from two A s C h r O f t  DigigaUge6 reading i n  psia. 
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Table 2-4. Test Loop Design Points 

Brine entrance temperature 
ex i t  temperature 

348OF 
150 t o  200°F 

Hydrocarbon entrance temperature: 
exit temperature 

120°F a t  650 psia 
300°F a t  600 psia 

Condenser pressure 
Hydrocarbon temperature 

245 psia 
1970F 

i 

Subcooler entrance temperature : 196OF 
exit temperature 105 t o  llO°F 

Cooling water entrance temperature: 90 OF 
exit temperature 120°F 

Hydrocarbon flow rate : 84,000 lbs/hr 
Brine f l o w  rate 988300 lbs/hr 

Heat load: 16 million BTU/hr 

Hydrocarbon working fluid: isobutane 



-21- 

Digigauges were factory cal ibrated and had an accuracy of 0.1% (0.1 ps ia) .  

The remaining gauges were calibrated w i t h  a dead,weight t e s t e r  and had an 

accuracy of f1.0 psi.  

For the hydrocarbon and brine pressures, the pressure tap points were 

fed by individual f l u i d  l ines  to valved manifolds a t  a central  location. 

The manifolds were connected t o  the Digigauges, one gauge for  the brine and 

one gauge for  the hydrocarbon. Valving on the two gauges allowed them to 

be separately set to the prevailing atmospheric pressure. Output signals 

f ran each Digigauge were fed by separate coaxial cables t o  a central  

location where the signals were continuously monitored and recorded on a 

st r ip-chart  . 
Flow Rates: 

Volumetric flow r a t e s  were measured by o r i f i c e  p la tes ,  a venturi, and 

turbine flow meters-. The brine flow was measured w i t h  a venturi  and an 

o r i f i c e  p la te ,  the hydrocarbon flow 

a turbine f l a w  meter, and the cooling water flows were measured w i t h  

s measured with an o r i f i c e  p l a t e  and 

ctory cal ibrat ion curves. The 

hydrocarbon o r i  

The brine o r i f i  ventur th in  1-2%. 

t e  agreed w i t h  the turbine flow meter to within 1%. 

The ventur i  was b u i l t  by Flow-Dyne, and factory cal ibrated by Foxborough. 

The turbine flow meters were bui l t  by Flaw-Technology. The uni ts  

were constructe hydrocarbon 

meter, and tungsen-carbide bearings for  the cooling water meters. The 

units employed magnetic pickups. Generated signals were fed by coaxial 
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cable t o  a preamplifier, whose output w a s  fed by coaxial cable to  a central  

location f o r  t ranscr ipt ion to d i g i t a l  output i n  gpm. 

turbine flow m e t e r  output w a s  also continuously monitored and recorded on a 

The hydrocarbon 

strip-chart  . 
Hydrocarbon Composition: 

The methods of determining the  hydrocarbon canposition are detailed i n  

the section on Operations. 

Data Stations: 

Temperatures, pressures, and flow rates were'recorded a t  various 

data s ta t ions  located throughout the test loop. 

For the primary heaters, data s ta t ion  locations are: temperature of 

the tube side and t he  s h e l l  side f luids  a t  the entrance and e x i t  of each 

exchanger, s h e l l  side pressure a t  the entrance and e x i t  of each exchanger, 

and tube side pressure a t  the entrance, midpoint, and e x i t  of the heat 

exchanger t ra in .  

For the condenser-subcooler, data s ta t ions  are temperature and pres- 

sure at  the entrance and e x i t  of each exchanger f o r  both she l l  side and 

tube side. 

Flow rate data s ta t ions  are: venturi and o r i f i c e  p l a t e  a t  the primary 

heat exchanger t r a i n  e x i t  for  the tube s ide (br ine) ,  turbine flow meter and 

o r i f i c e  p l a t e  a t  the primary heat exchanger t r a i n  entrance fo r  the  she l l  

side (hydrocarbon), and separate turbine f l o w  meters f o r  the cooling water 

a t  the entrance to the condenser and t h e  subcooler. 

Hydrocarbon sampling s ta t ions  are the entrance and e x i t  of the pump 

p-1 (hydrocarbon feed pump). 

L; 
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D a t a  Takinq: 

Data was recorded by hand. Data scans covered a l l  data stations.  

Three data takers were used, one f o r  the primary heaters,  one f o r  the ' 

condenserlsubcooler, and one f o r  the pressures and flow rates. Data scans 

were every f i f t e e n  minutes during a test run. 

taken per test run. 

on-site computer. The computed heat balances were used t o  indicate 

whether or not the test data  w a s  acceptable. 

daylight hours-only. 

Six to eight  data scans w e r e  

After each data  scan, the  data w a s  processed by the  

Test data w a s  taken during 

During the  evening, t he  test loop w a s  still operated, 

usually a t  the next test run conditions or the las t  completed tes t  conditions. 

OPERATIONS 

Hydrocarbon Loop Cleaninq: 

An underlying assumption f o r  the analysis heat exchanger and 

condenser data w a s  that the she l l  side 

w a s  negi l ib le  (i.e., zero). To es tab l i sh  this condition required t h a t  the 

hydrocarbon loop be 

clean state through0 e testing. 

had to  be cleaned to a state free of scale, rus t ,  and sludge. 

y cleaned p r io r  to tes t ing,  and maintained i n  a 

This meant the s h e l l  s ide  of the  tubes 

heaters and amde r/subcooler arrived a t  the site i n  a sorry 

condition. Large deposits of i 

shel ls .  Cleaning of the she l l s  r the exchangers - 
he interconnec 

s The only practical 

solution w a s  lacking, but becau 

the carry capacity of the clean 

and remove mechanically as much of the r u s t  and siudge as possible before 
w 

... . 
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attempting another chemical cleaning. 

the shell exter iors  with a pneumatic hammer while the loop w a s  flushed 

with water fed frm a high-flow diesel-driven i r r iga t ion  pump. 

the  loop was flushed with an emulsifying agent to wash out the las t  of the 

This w a s  accomplished by vibrat ing 

Finally 

'sludge. Thus prepared, the loop was chemically cleaned by recirculat ing 

through the loop a 5% H C l  solution, w i t h  addition of ammonium biflouride to  

the HC1 solut ion followed by fur ther  recirculation. 

w a s  determined t o  be clean by visual  inspection of the she l l  i n t e r io r s  and 

interconnecting piping, t h e  solution w a s  dumped. 

After the she l l  side 

!Fo prevent the clean 

surfaces fran oxidizing, they were treated with ammonium citrate solution 

which polishes the surfaces and inh ib i t s  oxidization. The loop was given a 

f i n a l  r inse with a d i lu t e  inhibi tor  solution. The loop had been designed 

so t ha t  those pipe runs that would t r a p  water had low point drains, or 

could be removed, flushed, and dried. The solution w a s  drained and the  

loop dried by passing oi l - f ree  a h  through the primary heat exchanger 

she l l s  with hot brine running through the tubes, and discharging the 

water-air mixture out the subcooler out le t .  After several  hours the loop 

w a s  "bone-dry" as indicated by moisture sampling of the exi t ing a h .  

The pump p i t  f o r  the hydrocarbon feed pump, P-1, was s imilar ly  cleaned 

p r io r  to the test ing.  

operation. 

water or sludge that might accumulate i n  the pump barrel during operation 

of the loop. No water o r  sludge w a s  ever detected. 

The pump w a s  removed from the  pump bar re l  f o r  this 

A dip tube w a s  ins ta l led  i n  the p i t  to aid i n  removing any 

The resul t ing clean and dry system remained as such throughout the 

duration of the tes t ing  as ver i f ied  by periodic visual inspections and 

analysis  of the hydrocarbon. 

of a section of the hydrocarbon loop. 

Figure 2-5 i l l u s t r a t e s  the clean condition 
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e tube side of a l l  exchange cleaned by hydrolancing 

The primary heater tube e f fec t ive ly  removed a l l  r u s t  and s 

lanced pr ior  to the heater tests. 

lanced pr ior  to the condenser tests e cooling w a t e r  piping 

i c a l l y  cleaned with HC1 t o  reduce oblem of metal 

chemical cleaning and hydrolancing was performed by So 

condenser-subcooler tubes were 

ng lef t  a th in ,  f i ne ,  gray colored f 

m e t a l  surfaces swept-up by the flowing h 

To prevent the particulate matter f r m  W a g i n g  the  hydrocarbon turbin 

flow meter, o r  the seals on the hydrocarbon recirculat ion , a fi l ter  

system w a s  i n s t a l l ed  i n  a slip stream around the recirculat ion pump. 

The f i l t e r i n g  w a s  e f fec t ive  and eventually discontinued when the one 

micron f i l t e r s  showed no v i s ib l e  fouling. 

running. 

This occurred a f t e r  200 hours of 

No pump s e d  problems, nor any failure of the hydrocarbon turbine 

flow meter w e r e  experienced. 

Hydrocarbon Sampling and Analysis: 

Hydrocarbon samples were taken on a regular basis and analyze 

carbon composition and water content. 

personnel the  same day of the sampling. 

alysis w a s  performed 

Analysis w a s  by ga 

Four m i l l i l i t e r  ( m l )  l iquid samples were taken, then f u  

vapor by discharge in to  a 300 ml evacuated banb. The bomb w a s  placed i n  a 

thermostat held a t  50 2 1°C. Tubing wound with heat tape connected the  
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bomb through appropriate valving t o  the gas-sampling injection-valve of 

the chromatograph. G a s  samples could thus be injected i n t o  the chromato- 

graph fo r  analysis. A l l  tubing, valving and bombs were of s t a in l e s s  steel. 

The isobutane and isopentane as received w e r e  analyzed and the results 

checked against  the manufacturer's supplied analysis,  

excellent agreement. 

The results were i n  

Cooling Water Treatment: 

Scaling of the condenser/subcooler was a perennial problem, The 

condenser w a s  designed t o  operate a t  high condensing pressures ("245 psia), 

and high condensing temperatures (=200°F). 

head requirements of the hydrocarbon recirculat ion pump. 

This w a s  done to reduce the 

Since the higher 

condensing pressure means a higher condensing temperature, a smaller con- 

denser could be b u i l t  fo r  the or ig ina l  heat load. However, t h i s  resulted 

i n  high tube w a l l  temperatures and concomitantly a la rger  temperature rise 

(=30°F) i n  the coooling water than is cOmmOn pract ice  ("10-15OF). These 

fac tors  exacerbated the fouling problem since most chemical treatments are 

designed for cooler w a t e r  temperatures. In addition the makeup water had a 

TDS of 1400. 

completely brought under control. 

As a r e su l t ,  t he  cooling water treatment w a s  never rea l ly  

The selected treatment was to maintain the phosphate levels  by addi- 

t i on  of phosphinates, and control t he  p H  a t  7 by addition of su l fur ic  

acid. Addition of the latter w a s  controlled by continuous pH monitor/ 

control ler ,  and the former by a TDS control ler  set  a t  2000 TDS. 

Instrument Performance : 

No problems arose w i t h  the data acquisit ion instrumentation 

performed fau l t l e s s ly  throughout the tests. 

which 
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Performance of the process instrumentation w a s  likewise fau l t less .  ,. 

Controllers performed equally well i n  manual or automatic mode once each 

control ler  w a s  properly adjusted. No mechanical aids were required t o  

t r i m  the control lers  . 
Operating Plan: 

The test plan f o r  obtaining the  performance data consisted of a 

series of separate runs fo r  the primary heaters and the  condenser. These 

series of tests were repeated f o r  the three d i f fe ren t  hydrocarbon f lu id  

compositions. 

primary heaters. 

T a b l e  2-5 summarizes the test sequence adopted f o r  the  

The idea w a s  simply t o  run a t  a var ie ty  of e x i t  conditions 

that span the region of commercial in te res t .  

After completing the  heater tests f o r  a given hydrocarbon working 

f luid,  t he  condenser tests w e r e  run. Table 2-6 summarizes the  adopted 

condenser test sequence. The idea w a s  to span a var ie ty  of tube loading 

conditions. The proposed conditions, though generally outside the  range 

of commercial in t e re s t ,  are nonetheless important indicators of performanc 

especially as regards condensation of the hydrocarbon mixtures. 

Once the test loop w a s  cleaned and t h e  operation of the equipment 

ver i f ied,  approximately 3450 l b s  of isobutane w a s  loaded i n t o  the loop 

and the tes t ing  begun. As with most experiments, mother nature had her 

say. hrents did not proceed as planned. Table  2-7 lists the s igni f icant  

event 6. 

Because the GTF a t  the time of the experiment w a s  hosting other 

experiments, and Mesa 6-2 w a s  the only pumped w e l l  available,  the test 

loop w a s  al located tes t  time i n  two week blocks. 

lapses i n  Table 2-7 are either f o r  nonallocated time o r  from a downhole 

Consequently, the  t i m e  

6- 
pump failure, two of which occurred during the  test program. 
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Table  2-5 

Heat Exchanger T e s t  Sequence 

1*+ 100 120 60 0 30 0 24 5 

2 80 

3 60 

120 60 0 

120 60 0 

4 40 120 60 0 

24 5 

245 

24 5 

5* 100 120 60 0 30 0 245 

6++ 100 120 57 5 30 0 24 5 

7 80 120 57 5 24 5 

8 60 120 57 5 

9 40 120 57 5 

24 5 

24 5 

1 o* 100 120 57 5 30 0 24 5 

1 I+++ 100 120 55 0 30 0 24 5 

12 80 120 55 0 24 5 

13 60 120 55 0 24 5 

14 40 120 55 0 24 5 

15* 100 120 55 0 30 0 24 5 

q.I, = mass f l  rate of hydrocarbon 
Tg-1 = temperature of hydrocarbon en te r ing  33-1 
PB-6 = pressure of hydrocarbon exi t ing B-6 
TB-6 = temperature of hydrocarbon exi t ing B-6 

Pcond, = pressure of hydrocarbon i n  the condenser 
* = a l l  state-points and flow-rates'are the same as i n  Run 1 
+ = brine flow-rate fixed Runs 1 th ru  5 

++ = brine flow-rate fixed Runs 6 th ru  9 

+++ = brine flow-rate fixed Runs 11 thru 14 

' 

(not necessarily equal t o  brine flow rate in Run 1) 
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Table 2-6 

Condenser T e s t  Sequence 

Run # 

1*+ 

2 

3 

4 

5* 

100 120 24 5 

80 120 

60 120 

40 

100 

120 

120 

6 100 120 180 

7 80 120 

a 60 120 

9 40 120 

10* 100 120 

11+++ 100 120 I n w e s t  possible Pcond, 

12 80 120 W W W 

13 60 120 

14 40 120 

15* 100 120 24 5 

W W W 

n W n 

16* 100 120 245 (half  bundle) 

mfl, 
TB-l = temperature of hydrocarbon entering B-1 

Pcond, = pressure of hydrocarbon i n  the condenser 
* = a l l  state-points and flow-rates are the same as in Run 1 
+ = brine flow-rate f ixed Runs  1 thru 4 

++ = brine flow-rate f ixed Runs 7 thru 9 
ft+ = brine f l o w  rate f ixed Runs 12 thru 14 

= mass f l o w  ra te  of hydrocarbon 
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Table 2-7 

Test Loop Events 

4-Aug-80 

14-Oct-80 

20-0ct-80 

22-Oct-80 

14-NOV-80 

1 7-NOV-80 

2 1 -N&-80 

23-Nov-80 

l-Dec-80 

3-D~c-80 

System f i l l e d  with isobutane, 
shake-down tests begin 

Isobutane heater tests begin 

Isobutane heater tests end, run 

Leaks i n  condenser/subcooler 

Isobutane condenser tests begin 

time, e181 hrs. 

90/10 heater  tests begin 

90/10 condenser tests begin 

80/20 heater tests begin 

80/20 condenser test begin 

Cmplete 80/20 t es t ing ,  run t i m e r  g336 hrs. 

21-Mar-81 Start isobutane condenser tests t- 

29-Mar-81 Complete 90/10, and 80/20 condenser tests, run t i m e :  2198 hrs. 

Total tes t  loop run t i m e  during tes t ing:  ~ 7 1 5  hrs. 
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The tes t ing  from 14 October 1980 through 3 December 1981 proceeded u 
almost as planned. 

unexplained deviations i n  the heat balance. 

C l o s e  analysis of the condenser data, however, revealed 

The f l u i d  properties were 

i n i t i a l l y  thought to be a t  f au l t ,  but the real cu lp r i t  w a s  vapor carry over 

i n to  the subcooler caused by vortexing a t  the accumulator drain. 

* 

The vortexing arose fran the  accumulator being undersized, and the 

discharge from the hydrocarbon feed pump bypass entering the subcooler 

i n l e t  i n  such a way as t o  act as an ejector  helping t o  create and maintain 

the vortex. 

These problems were corrected by relocating the pump bypass to the 

pump i n l e t  and i n s t a l l i n g  a view port  in the pipe connecting the  accumulator 

t o  the subcooler. 

set the maximum allowable hydrocarbon f lu id  flow, i.e., tube loading, f o r  a 

given condenser pressure and i n l e t  temperature. 

By viewing the  on-set of vapor carryover, we could readi ly  

These modifications were 

i n  place fo r  the f i n a l  condenser tests and a l l  went smoothly. 

With the completion of the condenser tests i n  March 1981, the  f i e l d  

test program concluded. 

Unusual Operating Characterist ics and Problems: 

This section details the problems encountered during the  operation 

of the test loop. Solutions employed are also discussed. 

Leaks : 

Before cleaning the  hydrocarbon loop, a hydrotest was performed. 

The test Fessure was held f o r  twenty four hours. This approach w a s  

adopted because the viscosi ty  of the hydrocarbon differed s igni f icant ly  

from t h a t  of water, and consequently evidence of a leak took longer to 

appear w i t h  water than with the hydrocarbon. No leaks were discovered. 
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A f t e r  cleaning, but before the f i n a l  r inse  solution w a s  discarded, the  

hydrotest w a s  repeated t o  insure that the cleanlng had not created new 

leaks. None were .found. 

After completing the  isobutane heater tests, the  condenser/subcooler 

end plates were removed f o r  hydrolancing. 

The heater ends were then removed and the tube sheets checked. Several 

leaks among the s i x  exchangers were found. 

welding. 

three i n  B-3, one i n  B-4, two i n  B-5, and two i n  B-6. Thereafter, leaks i n  

the primary heaters were not a serious problem. 

Several leaks w e r e  evident. 

A l l  leaks w e r e  fixed by heli-arc 

They included no leaks i n  B-1, one in B-2 which required plugging, 

The condenser and subcooler continued t o  leak of f  and on throughout 

the course of the tes t ing.  

had 43 leaks repaired a t  the cold end, w i t h  two tubes requiring plugs, 

and 24 a t  the hot end w i t h  two tubes requir 

faired better, requiring six repairs  w i t h  two plugs i n  the cold end and 

By the conclusion of tes t ing,  t he  subcooler 

four repairs w i t h  no plugs i n  the return water box. 

leaks i n  the  heaters, condenser, and subcooler w e r e  weld failures atvthe 

Without exception, a l l  

tube-sheet/tube jo in t .  

pockets and’ debris i n  the welds. 

Inspection of the weld failures revealed gas 

.The w e l d  failures appear t o  be from fau l ty  welds or induced by stress 

from thermal cycling. The heater6 had shell  side bellows t o  compensate f o r  

thermal expansion of the tubes and the  shel l .  The bellows worked fau t less ly  

with no leakage. 

expansion. 

temperature cycles from ambient to  operating conditions which no doubt con- 

The condenser and subcooler had no provision f o r  thermal 

During tes t ing ,  the  condenser and subcooler experienced numerous 

t r ibu ted  t o  the weld fai lures .  
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The test loop w a s  operated with 

so t h a t  hydrocarbon leakage w a s  

the hydrocarbon side the highest pressure, 

presumed i n t o  the brine o r  cooling water. 
P 

cleaning: 

As mentioned above, t h e  cleaning method adopted f o r  the hydrocarbon 

loop worked quite w e l l  and produced excellent resul ts .  

the  tubes w a s  effect ive,  simple, and quick. 

The hydrolancing of 

The tube side (br ine)  of the heaters w a s  hydrolanced only once, j u s t  

p r io r  to  the s tar t  of the isobutane tests, because v isua l  inspection of the 

tubes indicated l i t t l e  or no fouling, making recleaning Unnecessary. 

The condenser tubes w e r e  hydrolanced p r io r  t o  the start of the  isobutane 

tests, but not p r io r  to the 90/10 or 80/20 tes t  runs, because it w a s  f e l t  

the tests could be completed before serious fouling occurred. This point 

is discussed fur ther  i n  the section on the condenser test resul ts .  

Subcritical/Supercritical Behavior: 

No system problems o r  imbalances were encountered when heating the  

hydrocarbon a t  subcritical conditions as occurred during t h e  condenser 

tests, o r  when running supercr i t ica l ,  even a t  550 ps ia  e x i t  pressure which 

is 5% above the cri t ical  point of isobutane and 4% above the 80/20 mixture 

critical point. 

m o d e  of heating. 

No problems were encountered when t ransferr ing f r o m  e i t h e r  

t 
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tsd 
SECTION 3 - TEST RESULTS 

. 

c 

TEST RESULTS, HEATERS - I 

Hydrocarbon Composition: 

Hydrocarbons w e r e  from indus t r ia l  suppliers in commercial grades used 

primarily as aerosol propellants. Mixtures were made a t  the test  site 

by blending isobutane and isopentane. The resul t ing compositions were 

called "nominal" t o  indicate the m i x t u r e s  that would r e su l t  had pure 

isobutane and pure isopentane been m i x e d  rather than the* commercial 

grades. 

of commercial grade isobutane W i t h  Om1 moles of canmercial grade isopentune. 

For example, a naninal 90/10 m i x t u r e  w a s  made by mixing 0.9 moles 
s ,  

The mixtures were made by adding a known weight of isopentane to  the 

isobutane circulat ing i n  the test loop. The resul t ing mixture w a s  sampled 

and analyzed. 

mixture w a s  assumed t o  be ham0 

within several hours of 

When the composition did not change w i t h  t i m e ,  t h e  f luid 

usually obtained 

The as-received is and isopentane were analyzed. The results 

agreed within 1% of the turer's supplied analysis. Consequently, the 

commercial grade isobutane and isopentane w e r e  used as standards for the 

mixture aneilysism 

i n  T a b l e  3-1. 

condenser results. A l l  en t r ies  in Table 3-1 are i n  mole percent. The listed 

The analysis f o r  the primary heater mixtures are reported 

Those for the condenser are reported i n  the section on the 

compositions were used f o r  the heater data analySiSm Reported averages for 

the  listed compositions are the result of 5 t o  6 samples f o r  each test f luid 

taken during the course of the tes t ing  (usual ly  a dai ly  sampling). 

Data Analysis, Heaters: 

As mentioned earlier, the  in ten t  of the program was not t o  develop W 
new correlat ions but rather to use widely accepted correlations t o  predict 
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Table 3-1 

Hydrocarbon Compositions for the Primary Heater Tests 

Commercial Isobutane 

Component Mole % 
Propane 0.60 
n-Butane 20 56 
&Butane 960 84 

Nominal 90/10 Isobutane/Isopentane 

N o m i n a l  80/20 Isobutane/Isopentane 

Component Mole % 
Propane 0.47 + 0.00 
n-Butane 2.00 '7 0.02 
i-Butane 75.77 '7 0.16 
n-Pentane 1.02 7: 0.04 
i-Pentane 20.74 '7 - 0.16 
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(3-1 1 m Q = U*A*AT 

where Q is the duty, U is the overal l  heat t ransfer  coeff ic ient ,  A is the 

area perpendicular to the heat flux, and AT, is the mean temperature 

difference i n  the direct ion of the heat flux. 

For a shell-and-tube heat exchanger where the heat capacity a t  constant 

pressure, 5, is constant fo r  

(3-1) may be rewrit ten as 

fluids, and U is a constant, equation 

Q = U*A*&MTD (3-2 1 

where LMTD is the log-mean-temperature-difference, 

the performance of the  heat exchangers. Consequently, we now present 

the basic equations used i n  the data reduction without derivation or 

apology f o r  their source. 

equations is assumed. 

is l isted i n  Table  3-2. 

A cer ta in  fami l ia r i ty  of the reader w i t h  the 

The nomenclature used i n  the following equations 

Data Reduction - Primary Heaters, t he  B a s i c  Equations: 

Heat Transfer I 

The analysis of the  energy transferred as heat within a heat exchanger 

begins w i t h  

where f o r  our case, 

- (3-3a 1 Ta = TBr,in THc,out 

( 3-3b 1 Tb TBr ,out- THc, i n  

The overal l  heat  t ransfer  coeff ic ient  may be eated as a series of 

connected thermal resistances,  i.e., 
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A - surface u e a ,  f t 2  

C,, - Beat capacity, Eitu/l~-*F 

d - Diameter, f t .  

f - Friction factor, dimensionlens 

q 

c - m s  velocity, 1 w - i t 2  

h 

k - Themal conductivity, Btu /hr - f tz*?  

1 -TPbalength , f t  

LMID - b g  mean temperature difference, *P 

IOU - Wusaelt Number, dimensionles8 

P - Pressure, lbf/in2 

pt - Prandtl Number, dimensionless 

&P - Pressure &op, =f/in2 

Q - Beat load, B t u / h r  

r 

Re - Reynolds N u m b e r ,  dimensionlem 

- wceleration of gravity, ft/sect 

- Beat transfer coefficient, Btu/hr-ftZ-*F 

- Thermal resistance (individual 1 , hrf  t2-*F/Btu 

T - Fluid temperature, aF 

U - Overall heat transfer coefficient, Btu/br-ft2-*r 

U - Viscosity, lbs/ft-sec 

4 - Sicdef la te  cqrrection 

brw - bulk property and tube wall surface property, respectively 

i ,o - inside and outside areas, respectively 

io - inside value referred t o  outside 8urface area 

m - measured quantity 

B r  - brine 

B e  - hydrocarbon 

in - in le t  

out - outlet  

t - tuba side 

x - cross flow 

f - long flow 

foul - tuba 8ide fouling 

Shel l  - shell  aide 

I - .hell 8ide 

wall - tube interior wall 

1 

. 
LJ 
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where : 

1 + r  + r  +-  1 1 - = - + r  " foul wall shell ho 

hi0 is the tube side f i l m  coefficient referred to  
the outside tube area, 

rfoul 

rwall 

is the tube side fouling resistance, 

is the tube wall thermal resistance, 

is the shell side fouling resistance, and 

is the shell side film coefficient referred 
to the outside tube area. 

h, 

Each te rm i n  equation ('3-4) i s  computed from correlations which are 

( 3-4 1 

functions of the thermodynamic aid transport properties of the f luids ,  

and the geometry factors of the exchangers. 

The equations selected t o  predict the tube side heat transfer coefff- 

cient, hio, is the familiar Dittus-Boelter equation given as, 

0.8pr0.4 ( 3-5 1 4, Nu = 0.022 Ret 

where : 

*t = Otd i /% 
' (3-5b) 

* -  

0.14 



- 
do - 

di - - 

u b =  
u =  

W 

c =  
P 

m =  Br 

Nt = 

- 
At - 
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outside tube diameter 

inside tube diameter 

thermal conductivity of the bulk f lu id  

viscosi ty  of the bulk f lu id  

viscosi ty  of the fluid a t  the 

heat capacity of the bulk f lu id  

mass flow rate of the brine 

number of tubes i n  the heat exchanger 

cross-sectional area of a single tube 

In the absence of extensive data, t he  fouling resistances rfoul and 

rshell are specified as constants independent of the f lu id  temperature 

and pressure, and the  t i m e .  

The tube w a l l  thermal resistance is  calculated as 

= the tube wall  thermal conductivity k w a l  1 where : 

The she l l  side heat transfer coeff ic ient ,  ho, may be obtained i n  one of 

two ways : 

If a l l  the terms of equation (3-4) are known except &, then a "measured" 

film coeff ic ient ,  holm may be obtained fran 

1 - -  - r  - r  - = - -  ' r  1 

0 rm 
h U foul w a l l  she l l  hio 

Equation (3-7) allows calculating a value fo r  b, but says nothing about 

the component parts of 

standard relationships fo r  the she l l  s ide  flow behavior. The she l l  s ide  

The second method of obtaining ho is from 

( 3-7 1 
a 
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flow behavior may be envisioned as some ccmblnation of crossflow and 

longflow. 

w i t h  the appropriate definitions. 

Each flow can be characterized by a Dittus-Boelter type equation 

For the cross flow we selected: 

u 

(3-8a) 

(3-8b) 

( 3 - 8 ~ )  

=x = Gxdo/% 

Gx = (percent cross flow)*(Seg)*m /A Hc x 

Ax = cross f low area 

Seg = segmented .baffle factor a - mass f l o w  of the hydrocarban 
%C 

For the long f l o w  we selected, 

(3-9 1 
0.8 0.4 Nug = 0.024 Re Pr . 4, a 

= %lkb where : (3-9a ) 

(3-9b) 

( 3-9c 1 GL = m /A H c  L 

= long flow area Aa 

= hydraulic . .  diameter 

Equations (3-2) through (3-9) caprise  the basic heat 
c 

transfer equations 

used for the data reduction of the primary heat exchangers. 

4 

Pressure Drop: 

The fluid's pressure drop is a good Indicator of fluid f l o w  behavior 

I n  the heat exchanger. For the tube side (brine) we resolved the pressure 

w 
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drop into three components: 

losses, and the tube f r i c t ion  losses. 

separately: 

channel nozzle losses, tube entrance and e x i t  

Each caaponent w a s  calculated 

NOZZleS : 

- ( G d 3 6 0 0 )  2 kN 
- 

2Pgl44 ApN - 
(3-10) 

where : ApN = nozzle pressure loss  

= nozzle coeff ic ient  i n  number of veloci ty  heads kN 

GN = mgr/s 

-. 
Li 

L 

(3-loa) 

= cross-sectional area of the nozzle 

P = f lu id  density i n  the nozzle 

g = acceleration of gravity 

Tube entrance o r  ex i t :  

(Gt/36O0)’ kE (3-11) - 
2P g144 ApE - 

where : APE = pressure los s  entering or  exi t ing the tubes 

= entrance o r  e x i t  coeff ic ient  i n  number of 
kE velocity heads 

P = f luid density of the brine a t  the tube 
entrance o r  e x i t  

= number of tubes Nt 

At = cross-sectional area of a single tube 
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Tube f r i c t i o n  losses: 
1 

(3-12) 4 f t  L (Gt/3600) 2 

APF p: 2p gdil 44 

APF = pressure loss  f ran f r i c t i o n  inside the tube where : 

= the in-tube f r i c t i o n  fac tor  ft 

L = tube length 

The in-tube f r i c t i o n  factor ,  corrected f o r  non-isothermal conditions, is 

E given by 

- 0 048 (3-13) f 
ft - OD2 

=t 4 t  

For the she l l  side (hydrocarbon) w e  resolved the  pressure drop in to  four 

components: crossflow, baffle window, longflow, and the  nozzle. Each 

cmponent w a s  calculated separately: 

Nozzle : 

(Gd360Ol2 % 
2pg144 APN = 

where 

= nozzle coeff ic ient  i n  of % velocity heads 

i (3-14) l 

. -  I 
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Crossflow: 

where : 
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% = cross-sectional area of the nozzle 

p = hydrocarbon density i n  the nozzle 

4 f N (N +I) (Gx/3600)2* 
n R  B 

2pg144 A P =  
X 

AP = cross f l o w  pressure lo s s  
X 

f n  = cross f l o w  f r i c t i o n  fac tor  

= number of tube  rows crossed 
NR 

NB = number of baf f les  

The cross f l o w  f r ic t ion factor was given as* 

0.48 Bn 

0.145 fn= 

9, 

where : 0.6 
Bn = a ( ? )  

St = tube p i tch  transverse to  the  flow 

% = hydraulic diameter 

a = 1.000 f o r  900 tube layouts 

= .SO0 f o r  6 0 °  tube layouts 

= .707 f o r  45O tube layouts 

= -867 f o r  30° tube layouts 

*(Private  communication, P. T. Doyle) 

(3-15) 

(3-16) 
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u Rexh &= GxS4% 

Baffle window: 

31 
"wind 2pgl44 

= baffle window pressure loss  "wind where : 

I =  baffle window coeff ic ient  kwind 

= rn /A 

= area of the baffle win 

Gwind H c  wind 

Long flow: 
2 '  4 f t  L ( G  /3600) 

APa = 2pgdhl 44 

where : 
" ^  

APa = pressure lo s s  f ran long flow 

= m /A 
Hc L 

Aa = long flow area 

(3-17) 

(3-18) 

L = tube length 

used f o r  the 

computed from the 

ica tors  using standard ana lyse^.^ 

eeded i n  addition to the heat t ransfer  

of the low t o t a l  dissolved so l ids  
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thermodynamic properties w e r e  computed fran the  Hemholtz free energy 

equation of Keenan and Keyes6, and the  transport  properties from exis t ing  

relat ionships  . 7 t  The hydrocarbon thermodynamic and t ransport  properties 

w e r e  computed fran a computer code developed by the  National Bureau of 

Standards and LBL. 

states.9r 10 

The computer code is  based upon extended corresponding 

The computer codes supplied values f o r  the pressure, enthalpy, thermal 

conductivity, and viscosi ty  given the temperature and density. 

calculat ions were employed when given temperature and pressure, or pressure 

and enthalpy. 

I t e r a t ive  

A l l  calculations w e r e  done a t  the  specific input values 

(T  & P, or P 9 H ) ,  with the exception of the heat capacity which w a s  

computed f o r  a temperature in te rva l  as 

where : 

1 
T2 > T 

and H is  the enthalpy. 

Data-Reduction, Primary Heaters, Assumptions: 

(3-19) 

The tube inside diameter used f o r  flow area and thermal res is tance 

calculat ions w a s  0.606 inches, which corresponds t o  a 15 BWG tube w a l l  

r a ther  than the nominal w a l l  thickness of 0.062 inches for a 16 BWG tube. 

W e  used a 15 BWG tube w a l l  thickness because it more closely represents 

the  actual tube w a l l  thickness because of the  m i n i m u m  w a l l  specif icat ion 

used for 16 BWG tubes. 

The specif icat ion of ve loc i t i e s  on the s h e l l  side is dependent upon 

def in i t ion  as there  are many areas. The ident i f ica t ion  of various f l o w  
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streams through the bundle of a she l l  and tube exchanger has been documented 

by various investigators and calculation of these flow streams can become 

quite complex. The re su l t  of such calculations is the def ini t ion of a 

f rac t ion  of the  main f luid stream which passes through some average cross- 

sect ional  area of the tube bundle and I s  effect ive i n  the heat t ransfer  
4 .  

process . 
For a spec i f ic  heat  exchanger with a fixed geometry, the actual flow 

fract ions f o r  heat t ransfer  and pressure drop may be incorporated i n t o  a 

constant derived fram the  data. This w i l l  hold t r u e  Over a range of 

conditions where the flow fract ions or percentage of f lu id  through the 

bundle remains r e l a t ive ly  constant. 

f l o w  areas and bundle leakages are somewhat a rb i t r a ry  f o r  a specif ic  data 

set. W e  sought, therefore,  def ini t ions that are consistant w i t h  those 

accepted within the industry. 

For these reasons the def ini t ion of 

For these tests w e  assumed that 70  percent of the total  shell side flow 
I .  

passed through a m i n i m u m  cross-sectional area-. This cross-sectional area 

is located on a plane perpendicular t o  the flow a t  the m i d  point of the  flow 

symmetry. 

of the tube bundle and the  area is the  net area between the tubes. For 

exchanger 8-6 the  

and the  s h e l l  and tween tubes. By coincidence, 

because of the d i f fe ren t  baf f le  configurations and tube layout or ientat ions 

the cross flow area f o r  each exchanger is the same value, 20.3 sq. in. 

For heat exchanger B-1 through E-5, the  plane is a t  the center 

lfway between the bundle center l ine 

For f l o w  through the baf f le  window, we assumed that a l l  the flow 

passed through the ne t  area i n  the baff le  window. 

the total cross-sectional area of the baff le  opening minus the total  cross- 

The ne t  window area is 

sect ional  area o f - t h e  tubes in the baff le  window. 

exchanger E-1 through B-5 is 11.8 sq. in.; f o r  exchanger B-6, t he  outer 

The net  window area f o r  
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window area (both sides of the central  baff le)  i s  10.6 sq. in., t he  

inner window area is  9.9 sq. in. An average value of 10.3 sq. in .  w a s  

used fo r  B-6. 

The long flow mass velocity is parallel to the tubes and w a s  defined 

as the total flow passing through the gemet r i c  mean area between the 

net  baf f le  window area and the net cross-sectional free area in the tube 

bundle, which is 31.0 sq. in.  f o r  each exchanger. 

The above geometry factors  are therefore, 

di 0.606/12 

do = 0.750112 

4 times the net  flow area 
41" wetted perimeter 

= (*di/2) 2 /144 
At 

Ax 20.3/144 

(11.8/144 f o r  B-1 through B-5 

10.3/144 f o r  B-6 Awin = 1 
((31.0*11.8)1'2/144 f o r  B-1 through B-5 

Aa = 
(31.0*10.3) 'I2 /144 for B-6 

Values fo r  the three thermal resistances were also needed. For the w a l l  

resistance,  = 26.6 (Btu/hr-ft2 - O F )  f o r  carbon steel tubes, and 

w i t h  the above values fo r  do, d i  and equation (61, rwall = 2.5428 

Because the s h e l l  side of the tubes w a s  prepared t o  a clean metal 

surface, we took rshel l  = 0.0. Because of the benign nature of the 

LJ 

.. 



brine a t  the test conditions, and because no tube aide (br ine)  fouling 

could be detected visual ly  or f ran the  data, rfoui w a s  set  to zero. 

therefore employed, 

cd W e  

. r foul = O m 0  

-4 r = 2.5428 10 (hr-ft2-OF/Btu) w a l l  

= 0.0  shel l  r 

The tube aide pressure drop data  s ta t ions were located between exchangers. 

The measured pressure drops needed t o  be averaged Over two exchangers and 
’ /  

corrected f o r  the interconnecting piping. Because of the low measured 

pressured drops, t he  measured values were used d i rec t ly  and the  tube side 

pressure drop calculat ion d i s s n s e d  w i t h .  

(1.5 f o r  an inlet nozzle 

For the shell side, w e  took, 

0.5 €or an ’outlet  nozzle kn = 

i 

0.808 f o r  B 

The values of b i n d  were determined fran a water-water cal ibrat ion 

’ test1’ run on B-4 and B-6, and represents the only emprically adjusted 

geometry parameter used i n  the basic equations. 

~ a t a - ~ e d u c t i o n ,  Primary Heaters, -Cor and ho 

Our in t en t  is to quantify the deviation between the actual and predicted 

performance using the  basic equations above. Our approach w a s  to 

heat t ransfer  and pressure 

parameter . 
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Since the tube side (br ine)  w a s  not suspect, w e  used t h e  tube side- 

i equations as given. For the s h e l l  side heat t ransfer  w e  w r o t e ,  
I 

I 

- (3-20) ho - Co*ho,corr 

where Co is an adjustable parameter and holCOm is given by some as 

ye t  unspecified function of h, and ha. 

For the she l l  side pressure drop w e  w r o t e ,  

3 
(3-21) 1 APi + APN ,out 

- - "N,in + 's 
i= 1 

w h e r e  P i  is the pressure drop for one of the three she l l  side pressure 

drop components. 

The parameters Co and C, equal uni ty  i f  the basic equations give a 

perfect  description of the exchanger performance, i.e., i f  they predicted 

the known surface area and the  known pressure drop. 

Finally, we introduced an area deviation defined as, 

(3-22) Adev = 100 (Acal - Aexp)'Aexp 

I 

1 

where Acal i s  the calculated area based upon equation (3-201, and kp , 

is the known area. W e  define a pressure deviation as: 

(3-23) 

where APcal i s  the calculated pressure drop based upon equation (3-21) and 

APexp is  the experimentally measured pressure drop. 

.. 
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c 

W e  f i r s t  tacklei the function.&, which w i l l  y ie ld  a value fo r  Co. 

we assume that Co is a fixed constant and the functional form f o r  h, is 

invariant  fr& exchanger to exchanger. 

and (3-9) as: 

. 

W e  start by rewrit ing equation (3-8) 

(3-24 ) 
0.4) = a + b .Rea 

a a  an (Nua/Pr 

‘ I 3 )  = a + b R e  an(Nux/Pr X ”  x - x  

I f  w e  had experimental values for  &8 we could then w r i t e ,  . 
- .  

Nux = h o ~  do/kb 

(3-25 ) 

(3-26 ) 

(3-27 ) 

and a l i nea r  regre (3-24) and (3-25) would yield 

values f o r  the par 

a 

% .  

ax, bx f ran  which the importance of 

h x a n d h  t o h , a o  s of h, can only 

be determined when culation, such scribed later on, is 

not necessary. This oc for the l iquid n which is spanned f o r  

m o s t  test condiuons b 

In  the liquid region, t he  may be computed from t h e  t e r m i n a l  

temperatures (i.e., measured temperatures) of the exchangers, thus allowing 

U to be computed from 

U = Q/(A LMTD) (3-28 ) 
~- 

where A is the exchanger area (292. t 2 )  and Q is the brine duty, so 

erties of the brine 

(i.e., water an those of the hydrocarbon. 

en ta l  ho values, Nua 

and Nux were computed and a l inear  regression applied t o  equations (3-24) 
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Since equations (3-8) and (3-9) i n  pr inciple  apply t o  pure f lu ids  or  

mixtures, we limited the above analysis to  the commercial isobutane data i n  

order to provide a more s t r ingent  test of the mixture data. The bulk f lu id  

properties were the average of those computed a t  the exchanger terminal 

conditions, the  Sieder-Tate correction, 4 ,  w a s  canputed as described later 

on, and the  heat capacity w a s  canputed from equation (3-19) with the  temp 

eratures  taken as the measured terminal temperatures. 

Figure 3-1 i s  a T-Q p l o t  fo r  a typical data scan. The dotted l i ne  is  

the temperature p ro f i l e  f ran a stepwise calculation, and the  s t r a igh t  l i n e  

is the p ro f i l e  used f o r  the above analysis. 

numbers, data f r m  a waterwater cal ibrat ion test on exchanger B-4 w a s  

included i n  the analysis. Table 3-3 reports the resul ts .  

To expand the range of Reynolds 
i 

We see fran the tabulated results that equation (3-24) f o r  long f l o w  

gave the best f i t .  

t o  the generally used value of 0.8. 

not in good agreement with the generally accepted value of 0.6. 

In  f ac t  the value of bR = 0.81 i s  remarkably close 

However, t he  value of bx = 0.79 is 

Next w e  

note that :  

a = gn(0.024C 1 
R R 

a = &n(0.33Cx) 
X 

The values of C and C, are also l i s t e d  i n  Table 3-3. 
R / .  

( 3-29 ) 

(3-30) 

The value of C = 0.936 (see below) means t h a t  w e  need t o  multiply 
R 

the standard longflow correlat ion by 

€3-1 through B-3. 

suggests t h a t  cross flow contributes l i t t l e  to the heat t ransfer .  

t o  predict  the surface area of 

On the other hand, C, = 0.138, plus  bx = 0.79 st 

L, 
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TABLE 3-3 

Long Flow and Cross Flow Analysis of 

Liquid Region Data 
8 

i 

Long flow: 

a = -3.7958 R 

I bR = 0.81 

CR 0.936 

cross flow: 

a = -3.0907 
X 

b x =  0.79 

Long flow for bg = 0.8: 

= 1.116 f 0.231 

. . .  . . . . . .  . r .  , '. , . . . . . . . . . . . . .  ~. "_ , .  
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XBL821- I706 

Fig. 3-1 Temperature vs Duty for B-1 through B-3 
with Isobutane in the Heaters 



-55- 

with the above analysis,  the  test data w a s  reanalyzed f o r  long flow 

with ba f ixed a t  0.8. 

remainder of the data-reduction w a s  based upon, 

The re su l t s  were % = 1.116. Therefore, t h e  

s= C .h (3-31) ho 0 a 

with C, = 1.116. 

the  long f l o w  analysis,  and Figure 3-3 shows the re su l t s  when 4( is fixed 

Figure 3-2 shows the f i n a l  regression results fo r  . 

a t  0.6. 

Data-Reduction, Primary Heaters, Stepwise t ions : 

Figure 3-4 displays test: data are oordinates of pure 

isobutane. The dotted 1 . The approximate 

region spanned by each exchanger is also indicated as B-1 through B-6. 

previously note exchangers B-1 through B-3 l i e  i n  the liquid region, 

whereas exchangers B-4 t h r  

In the near-crit ical  regio 

AS 

B-6 l i e  in the "near-critical" region. 

stepwise calculation is necessary, as can be 

seen from Figures 3-5 through 3-7. 

80/20 test run. 

critical operating conditions. 

Figure 3-5 is a T-Q p lo t  fo r  a nominal 

The nonlinear heat release (uptake) is typical of super- 

Figure 3-6 is a p lo t  of the hydrocarbon's thennophysical properties as 

a function of the she l l  side temperature. 

within B-6 r e s u l t s  from crossing the  TCL. 

The rapid change i n  properties 

Figure 3-7 is a plo t  of the 

iplportant engineering,par'aaxeters for:the. same test conditions. 

ier f o r  heat t ransfer  and pressure 

region. To Overcome the d i f f i c u l t i e s  drop still apply in the near- 

posed by t h e  rapidly changing f l u i d  properties,  the  exchanger is broken 

i n t o  segments ( e . g  zones). The width of a zone is such t h a t  the basic 
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Re, x IOo3 
XBi.821- I708 

Fig. 3-3. Cross Flow Analysis for C, from 
Isobutane and Water-Water Test Data 

Nux = C, Re 0.6&3 
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i 

. 
XBL 821- l?lO 

Fig. 3-5 Temperature vs Duty for Nominal 
Test Run 
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XBL 821- 1732 
Fig. 3-6 Changes in Density, Heat Capacity, Viscosity and Thermal 

Conductivity for a Nominal 80120 Test Fluid Passing through 
the Primary Heaters 
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Changes in Nu0 Pr, R e y ~ ~  and ho for a Nominal 80/20 Test 
Fluid Passing through the Primary Heaters 
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equations are va l id  within that zone. 

the performance factors  extracted from the resul t ing sums. 

calculation i n  r e a l i t y  is nothing =re than a statistical averaging. 

For the en t i r e  exchanger w e  w r i t e ,  

The zones are then summed and 

The stepwise 

W e  a lso w r i t e  f o r  

W e  now relate the 

For the jth zone w e  compute: 

= U *A *LMTD (3-32) Qtot f tot 

the j t h  zone, 

Qj 3 3 
(3-33 

j 
= U.'A.'LMTD 

terms of equation (3-32) to those of equation (3-33). 

I (3-34 ) 

where  Q i s  the duty of the jth zone of n total zones, and the LMTDj 
j 

is  computed from the temperatures a t  the zone boundary. 

The total duty, Qtot, i s  canputed as: 

n 

Qtot = 1 Q j  (3-35 1 
j= 1 

The LMTD f o r  the en t i r e  exchanger is canputed as: 

n 

LMTD = Qat/ 1 -(UAlj (3-36 ) 
j= 1 

Finally the  aver-all heat t ransfer  coeff ic ient ,  U f r  i s  computed as: 

n 

Uf = 2: (UAlj/Atot (3-37 ) 
j= 1 

where A t o t  is the t o t a l  area computed as: 

n 

Atot = 1 A 
j 

j= 1 

(3-38) 

u 
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Each Aj is computed f r a t  . 
(3-39 1 

An individual Uj is computed from: 

1 (3-40 ) 
1 + -  
ho 

u p  j 1 - + ‘wal l  + rfoul 

The overall.weighted tube’side and s h e l l  s i d e  film coeff ic ients  are 

computed as: 

The individual heat  t ransfer  coeff ic ients  for each zone used i n  equation 

(3-40 ) are ccmputed as: 

0.8pr0.4 ]6 (eq. (3-5)) hlo = (0.022 Reyt d o t )  
0 

(3-41 1 

= c (0.024 Rey (eq. (3-31)) (3-42 1 

( 3-43 1 

ho 0 a 

= ho,ref 0s 

A l l  the properties used i n  equation (3-41) are fo r  the brine, and those 

The bulk thermophysical properties for equation (3-42) for the hydrocarbon. 

are computed as: 

. (3-44b) 
Tb - ( T j  + T j-1 )I* 

= (kj + kj-l )/2 ( 3-44 c 1 
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where for example, P j  i s  evaluated a t  the jth boundary point,  and 

Pj-1 a t  the preceding boundary point,  etc. * L, 

Looking j u s t  a t  the s h e l l  side, we w r i t e ,  

. 
(3-45) 

where T, is the  outside tube w a l l  temperature. 

to  compute the Sieder-Tate correction, 41. 

W e  w r i t e ,  

W e  use equation (3-45) 

( 3-46 ) 

(3-47) 

(3-48 ) 

I 
I ho = ho,ref 4I (3-49) 

(3-50 ) 

(3-51) 

*To do the actual calculation, we evaluate a l l  the thenuophysical properties 
a t  the n+l boundary points,  then compute an average value f o r  the zone. 
The jth zone r e fe r s  to the zone bounded by the  j-1 and j boundary points. 



. 
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F i r s t  w e  compute an i n i t i a l  guess for  Tw fran equation (3-46). Then 

w e  evaluate + a t  Tw and %, equation (3-47); then w e  compute 4 and 

hot and a calculated duty, Qcalr equations (3-48) t o  (3-50). 

(3-51) holds for  a specified 6, we stop; if not w e  compute a n e w  Tw from 

equation (3-52) and repeat the sequence of equations (3-48) through (3-52) 

u n t i l  equation (3-51) is sa t i s f ied .  

If equation 

The same procedure w i t h  the appropriate 

equations applies for 4 on the tube side. 

W e  treat the pressure drop equation s imilar i ly;  we  write fo r  the en t i r e  

exchanger , 

&shell = &  N,in + (&x  + &wind + &a) + &N,out 

and f o r  the ith zone, 

The relat ionship between equation (3-53) and equation (3-54) is 

(3-53 1 

(3-54 1 

(3-55 

w i t h  

& = 4Px (equation (3-15) 1 
X I  j 

(equation (3-17)) &wind , j = &wind 

(equation (3-18)) &a,, = &a 

(3-56 1 

Data-Reduction, Primary Heaters, Stepwise Calculational Procedure 

The basic and-stepwise equations outlined abwe were incorporated i n t o  

a computer code. The calculational procedure is for a fixed duty and is 

outlined below. 



-66- 

Input of experimental data and known geometry of exchanger (1) 

--Compute Duties and Heat Balance-- 

, (2) 

(3 1 

- 
QBr = %r (Hin Hout)Br 

QHc = mHc (Hout - Hin)HC 

QBr 
Error = 'Hc - QBr (4 1 

--Set Initial Values for Pes and T's-- 

( 9 )  = H  + (j'l)AHBr j=l, n+l H ~ 8 j  Out # Br 

= F (P j=l, n+l (10) 1 

j-1, n+l (11) 

j-1, n+l (12) 

j=l, n+l (13) 

1 Brrj' H~r,j T~r, j 

'Br j = F2(T~r j "Br j 1 

1 = F (T 
U Br,j 3 Br,j 'Br,j 

kBr,j = F 4 (T ~r,j, '~r,j) . 

. 
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+ AQBr 
io , j  LMTD h - 1  h 

j i 0 , j  
1 hio,j 

j 
1 APj = 1 AP. + AP 

3 

- - + CAP. + PN 
' "tal 'N,in 3 # u t  

(34) 

(35) 

(36) 

(37) 

(38) 

and if APexp (= APHc) # WPca1 then adjust  Cs and repeat steps (19) through 

(38) u n t i l  sa t i s fac tory  agreement is achieved. Then compute 

A t  this point the calculation is f i n i .  

Data-Reduction, Primary Heaters, T e s t  Results: 

Table  3-4 summarizes the test conditions. Each entry i s  the  average 

The actual analysis,  however, w a s  applied t o  of s ix  t o  eight data  scans. 

each data scan. The number of data scans were: 96 for commercial isobutane, 

. 
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canmercial Isobutane 
1 314 603 98 
2 329 601 98 
3 333 602 96 
5 31 1 60 0 107 

6 308 571 104 
7 326 572 106 
8 339 57 1 106 
- 9  340 57 2 101 
10 . 312 573 ' 107 

11 307 55 2 100 
12 32 9 55 0 101 
13 310 55 2 67 
15 309 55 2 102 

16 298 586 98 

Nominal 90/10 Isobutane/Isopentane 
17 304 596 93 
18 32 3 60 0 98 
19 339 602 84 

20 306 57 1 104 
21 ' 314 56 7 99 
22 314 566 74 

23 310 55 2 . 105 
24 32 6 557 103 
25 328 554 . , 79 ' 

Nominal 80/20 Isobutane/Isopentane~ 
25a 313 598 
26 312 60 2 
27 31 0 60 3 

29 335 598 90 
* 28 I 317 603 90 

a 
30 307 574 101 
31 319 575 101 
32 33 0 574 90 

33 30 54 105 
34 316 . 550 105 
35 339 550 106 

36 315 
W 

Notes: M-brine at 100% = 95408 (lb/hr) 
M-hc at 100% = 85175 (lb/hr) 

m-Hc 
( % I  
- 

87 
71 
50 
98 

102 
84 
63 
41 
102 

100 
81 
63 
99 

95 

100 
82 
57 

99 
81 
58 

92 
74 
56 

106 
104 
102 
85 
62 

110 
88 
65 

113 
91 
68 

100 

Bal* 
(% 

2.3 
2.0 
5.4 
0.3 

2.8 
1.4 
4.5 
1 -3 

1.1 

-5.2 
1.1 
1.6 

-3 -6 
-5.3 
-5.9 

-3.8 
0.1 

-0.5 

-8.2 
-7.3 
-5 e 9  
-3 e7 
1 -4 

-14.5 
0.2 
1.4 

-18.6 
. 1.2 

1 -0 

-7 -7 
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45 for nominal 90/10, and 68 f o r  nominal 80/20, f o r  a total  of 210 data 

scans out of 218 t o t a l  scans taken,  w i t h  8 scans rejected for inconsist- 

encies i n  the data. 
,- 

Heat Balances : 

Heat balances were computed f o r  individual exchangers as w e l l  as 

the  en t i re  t ra in .  The exchanger heat balances present a curious dichotomy 

as Table  3-5 i l l u s t r a t e s .  Test run 107, f o r  a 90/10 tes t  f lu id ,  i s  one of 

the more blatant  examples of a good overall  heat balance but poor individual 

exchanger balances. The heat balances are excellent i n  the "liquid" region 

spanned by 8-1 through B-3, but de te r iora te  rapidly as the f lu id  t raverses  

the near-cr i t ical  region. Exchanger B-6 straddles the TCL region with the  

maximum heat capacity occurring near the entrance to B-6. 

Test run 141, a 80/20 tes t  f luid,  a l so  l isted i n  Table 3-5, i l l u s t r a t e s  

the r e su l t s  when none of the exchangers encroach in to  the  TCL region. 

test run 141, B-6 l ies j u s t  to the l e f t  of the TCL region. Most test 

conditions of Table  3-4 t raverse  the TCL region, and show heat  imbalances 

For 

similar, but usually half  the magnitude, t o  those of tes t  run 107. 

Several f ac to r s  i n t e rac t  t o  cause the dispar i ty  i n  t h e  heat balances. 

Figure 3-8 i l l u s t r a t e s  on P-H coordinates the pressure drop through the 

exchanger t r a i n  fo r  test run 107. The absence of a horizontal in f lec t ion  

point,  and the steep slope of the pressure curve indicates t h a t  e r rors  i n  the 

pressure readings have a wall e f f ec t  on the heat balance. 

p lo t  of T vs  H f o r  test run 107. 

Figure 3-9 is a 

The p lo t  indicates the sensi t ive nature of 

t h e  heat balance on temperature i n  the region spanned by B-5 and B-6 as 

evidenced by the horizontal in f lec t ion  point. Consequently, uncertaint ies  i n  

the measured temperatures contribute strongly t o  the heat imbalances. For 

example, f o r  test run 107, every l°F change in the e x i t  temperature of B-5 

changes the heat balance by 10%. For many of the data scans, a change 

. 
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W 

^’ 

Table 3-5 

Exchanger Heat Balance 

Exchanger 

B1 
B2 
83 , 

B4 
B5 
B6 

BI-B6, 

~ Test Run 11141 (80/20) 

h a 1  ( % )  

B1 1.0 
B2 -0.2 
B3 -0 06 
B4 -8.1 
B5 -9.8 

t B6 -3 07 
i Bl-B6 -4.0 
I + .  
1 :  
! 

. .. 
U 

J 
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Fig. 3-8 Pressure vs Enthalpy for Nominal 90/10 

Test Fluid Passing through Primary Heaters 
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Fig. 3-9 Temperature vs Enthalpy for Nominal 90/10 
Test Fluid Passtng through Primary Heaters 
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i n  the hydrocarbon temperatures i n  the near critical region of 2-3OF yields  

sa t i s fac tory  heat balances ( <  3%) f o r  B-4 through B-6. 

The enthalpy computed a t  a point i n  the liquid region or i n  the "far" 

gas region is typical ly  accurate to i2 Btu/lb, an acceptable e r ror  when 

computing a heat balance fo r  the entire t ra in .  

region, the e r rors  in enthalpy are undoubtedly higher. Also8 since AH €or 

an exchanger i n  the near-crit ical  region is 10 - 20 ~ t u / l b ,  uncertainties 

i n  H are magnified i n  AH. 

change i n  AH f o r  B-5 yields  a 4% change i n  the heat balance. 

For the near critical 

For example, f o r  test run 107, every 1 Btu/lb 

Finally, temperature measurements h a region of rapidly changing 

heat capacity are notoriously d i f f i c u l t  to obtain. 

the pressure and temperature readings fo r  the wide var ie ty  of tes t  conditions 

We f ee l ,  howe 

encountered w e r e  consistent to It1 ps ia  and 0.1 t o  1.0 OF respectively, t h a t  

instrument b ias  is an insuff ic ient  explanation f o r  the heat imbalances; 

which leaves f lu id  properties as the source more by defaul t  than  proof, as 

l i t t l e  or no thermodynamic data ex is t s  for  mixtures a t  the supercr i t ica l  

conditions encountered t o  serve as a cormparison. P lo ts  of the thermophysical 

properties used f o r  the data analysis show the correct qua l i ta t ive  behavior. 

As w e  w i l l  see, the heat imbalances have l i t t l e  e f f ec t  on the performance 

calculations i f  the calculation is  forced t o  f i t  the experimental temperature- 

pressure prof i le ,  but have a more serious effect fo r  a design type calculation. 

Fouling Resistance: 

The scaling canponents of the Mesa 6-2 brine are mainly calcium carbonate . 
and silica. C a l c i u m  carbonate cannot be precipi ta ted from solution by merely 

lowering the  temperature; a release from solution of dissolved carbon dioxide 

is required. 

temperature. 

Silica can be precipitated f r m  solution by lowering t h e  brine 

Since the brine pressure w a s  always suf f ic ien t ly  high to prevent 
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c02(g) evolution, carbonate precipi ta t ion was not considered a problem. 

W 

I 

However, t o  assess the importance of scale formation, the overal l  measured 

heat  t ransfer  coeff ic ient ,  Urn, a s  a function of time f o r  exchanger B-1 

w a s  examined. 
, .  

Exchanger B-1 w a s  choosen because it is the coldest exchanger, and 

because its Q can be computed d i rec t ly  using the  four terminal exchanger 

temperatures without resor t ing t o  a zoned analysis, thereby avoiding the  

necessity of exp l i c i t l y  introducing a value fo r  rfoul, while implictly 

including its effects i n  V,. Also, because B-1 is i n  the cooled l iquid 

region, t he  value of V, w i l l  not be great ly  affected by the composition 

range spanned by the test f luids ,  so the values of V, f o r  a l l  three test 

f luids  may be compared thereby allowing f o r  a greater time spread. 

The test sequence had been arranged to  allow for evaluating changes In  

rfoul by having the  last test run for each test f lu id  be a repeat of its 

first test run (see Table  3-4). Any change in U, computed f o r  the first 

and last test runs could be a t t r ibu ted  t o  changes in rfoul. 

Test runs 1, 16, 17, 25A, and 36 (see T a b l e  3-4) were analyzed and 

Um values fo r  each data scan computed using equation (3-2) and (3-3). 

The resul t ing V, values were regressed against  real t i m e .  

of the exchangers were cleaned prior to the start of t e s t ing  and never 

thereafter. 

packed w i t h  brine] consequently, the times used i n  the regression are 

The tube side 

When the test loop was not operating, the  exchangers were l e f t  

accumulative rather  than the sum of the actual running time since the 

chemistry of the k ine  does not stop because the brine stops flowing. 

i n t e r e s t  is in the change in V, however it arose. 

s our 

Table  3-6 reports the results; the  first equation is fo r  a l l  three test 

, w  
1 
I the  analysis w a s  1172 hours fo r  equation one and 805 hours fo r  equation two. 

f lu ids ,  t he  second equation is for  ccnnmerical isobutane. The t i m e  spanned f o r  

I 

I 
I 
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Table 3-6 

Results for rfh,,l from Ui for B-1 

NOTE: The quantit ies  i n  parenthesis are the values determined 
by regression analysis  and the ir  standard deviation. 

. 
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The value of the slope is sufficiently small and outside the exper 

W imental accuracy i n  U, to  be considered experimentally zero. 

ficance can be attached to  the sign of the slope for either equation. 

The re su l t s  for commercial isobutane were included separately to see i f  

No signi- 

they differ significantly from the combined data set. 

no s ta t is t ical  differences. Based upon the above results, we set 

"foul = 0.0 for all further analysis. 

results. 

The results show 

Figure 3-10 is a plot of the 

Performance Factors: 

The heater test data was processed by two different methods, each 

employing the calculational procedure outline under stepwise calculations. 

Heater performance involves two major factors, the pressure drop and 

the heater transfer. 

pressure drop and heat transfer correlations separately i s  difficult. 

Method One attempts to  'evaluate-the heat transfer correlations not by elim- 

inating the pressure drop but rather by forcing conformity to  experimental 

values, whereas Method Two allows the pressure drop and heat transfer 

effects to  interact freely. 

Since each affects the other, evaluating the selected 

Method One: 

I n  the f method the cmputed rature-pressure profile for 

the entire heat exchanger train was forced to conform to  the experimental 

profile. For 

1 

This was done by evaluating a l l  s i x  exchangers separately. 

each exchanger the four terminal temperatures, pressures, and both flow 

rates, a l l  as measured, were input to the analysis program. Each 

exchanger's entrance and exit state point was fixed a t  the measured 

1 

values. 

made 

The computed hydrocarbon pressure drop for each exchanger was 

conform to the experimental pressure drop through the adjustment 
1cg, 
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I I I I I I I I I I I 

- Combined data set 
-0- lsobutane data set 

COMM ERCl AL I SOBUTANE 9 0 / l O  80/20 

. 

L, 
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of the C, parameter. Since the entrance and exit pressure and temper- 

' ature were fixed, so were the enthalpies; therefore the AH for each hydro- 
bid 

carbon zone was based upon the overall hydrocarbon AH and not a 1st law 

(I heat balance applied to  each zone, albeit the calculation used the brine 

side duty i n  evaluating the exchanger's performance. 
+ 

The forced f i t  of the temperature-pressure profile minimizes the error 

in the overall area deviation. By no t  iterating on the pressure drop, any 

error i n  the calculated pressure drop would a l ter  the temperature-pressure 

profile and compound the overall error in the prediction. The first method 

approximates the level of prediction a designer could expect if he were able 

to  predict the pressure drop exactly. 

temperature-pressure profile, we validate (or invalidate) the selected heat 

transfer correlations dnce we have suppressed that part of the calculation 

that projects a temperaturepressure profile. 

By conforming to  the experimental 

The performance factors are the area, the overall measured heat 

transfer coefficient, the weighte D, and the measured shell side film. 

coefficient. 

given in Table 3-7. 

A comparsion between the predicted area and the known area is 

A l l  entries are the average of the individual values 

from the data scans for the cited st fluid. Because exchanger 8-6 

from B-1 through B-5, the results for 8-6 are reported separately. 

The k e v  values are based upon the total exchanger area for B-1 

The averaged individual exchanger through B-5 and B-6 respectively. 

differs 

areas 

are listed, plus their standard deviation, Std, and the percent deviation, 

% Dev, from the known exchanger area. 

The values of %eve and the individual areas for B-1 through 8-5 

are in excellent agreement w i t h  experiment. 

l i t t l e  for the three tes t  f luids and show a positive deviation of 1 t o  9%. 

The value of Cs varies 

si, 

' . .  
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Exchanger Area form Method One Septwise Calculation 

Commercial. Isobutane 

Am = 0.66 f 1.51% Cu = 1.011 f 0.052 

Exchanger Acd( f t2 1 std (ft2) % Dcv 

8-1 297.8 f 5.81 1.9 
8-2 307.4 f 9.84 5.2 
B-3 285.6 f 7.4 -2.3 
8-4 283 09 f 9.5 -2 08 
8-5 295 09 f 17.0 1.3 

Naninal 90/10 Isobutane/Isopentane 

Aev 1.38 f 1.099 cu = 1.088 f 0.055 

Exchanger Am,( ft2) std (ft2) % Dev 

8-1 290.3 f 4.3 -0.7 

B-4 303.8 f 21.8 4.0 
8-5 294.2 f 31.4 0.7 

8-2 299.8 7.0 2.6 
8-3 293 02 f 9.3 0.3 

Nominal 80/20 Isobutane/Isopentane 

Aaev 2.32 2.50% Cs 0 1.032 f 0.042 

Exchanger Aal ( ft2 1 std (ft2) % Dev 

8- 1 
8-2 
B-3 
B-4 
B-5 

282 . 1 f 1.5 -3.5 
291 02 f 5.0 -0 03 
282 07 13.2 -3.3 
286 2 f 20.2 -2.0 
284.8 f 25.0 -2.5 

Exchanger. B-6 

comercia1 Isobutane 

A&,, '22.4 * 13.6% C f 1.016 t 0.182 

Am1 = 226.7 f 39.7 (ft2) 

Nominal 90/lQ Isobutane/Isopentane 

-19.4 f 5.4% Cs - 1.196 f 0.156 Adev - 244.2 f 15.9 (ft2) 

Nominal 80/20 Isobutanc/Isopentane 

A -15.9 11.0% C 1.184 * 0.093 
dev S 

Aal - 245.5 f 32.1 (ft21 
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W 

I C  

The resu l t s  strongly suggest that the heat t ransfer  and pressure drop 

algorithms chosen f o r  modeling the exchangers are adequate fo r  design 

purposes provided the  temperature-pressure p ro f i l e  is known and adequate 
_ "  

f lu id  properties are employed. This conclusion is further reinforced by 

the excellent f i t  t o  the mixture data fo r  correlations scaled against  the 

"pure" data. 

The re su l t s  for  exchanger B-6 are also listed i n  Table  3-7. Exchanger 

B-6 i n  most test conditions straddles o r  lies to the r igh t  of the TCL 

region. W e  feel that  the consistent area deviation of = -20% fo r  nearly 

a l l  the  data scans is a re su l t  of the heat t ransfer  and pressure drop 

algorithm sens i t i v i ty  t o  f lu id  property variation. Whether o r  not the 

f lu id  propert ies  are accurately described in '  the B-6 region is moot as 

l i t t l e  if any expekimental data, par t icu lar ly  fo r  the mixtures, e x i s t s  f o r  

the region. The re su l t s  simply imply t h a t  given the f l u i d  property base 

used, t he  computed shell  side f i lm-coeff ic ient  is too large compared too 

the actual f i l m  coefficient:  The implication is that the predicted 

enhancement i n  the film coeff ic ient  frm the increase i n  the heat capacity 

i n  the TCL region does not f u l l y  exhib i t  itself i n  the form of increased 

exchanger performance, a fact consis t  w i t h  work by Tleimat14. 

. -  

Figure 3-11 is a scatter p lo t  of Adev f o r  B-1 through B-5 f o r  the 

individual commerical isobutane data scans. W e  see t h a t  the maximum 

excursion is less than f 4%. 

B-5 

T a b l e s  3-8 and 3-9 list the other measured performance fo r  B-1 through 

and B-6 respectively. ~~ 
- Each entry is an averaged value of the data 

scans fo r  the test  cited. R U ~ S  where on 

were excluded. 

8-4 were i n  operation 
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c 

1 
2 
5 
6 
7 
8 

10 
11 
12 
13 
15 

18 
19 
20 
21 
22 
23 
24 
25 

25A 
26 
28 
29 
30 

. 31 
32 
33 
34 
35 
36 

Table 3-8 

309.9 
327.1 
307 7 
303.3 
319.7 
342.8 
305.8 
300.0 
321 -6 
296.3 
301.7 

316.7 
334.9 
305.6 
345 . 5 
340 06 
306.0 
343.6 
341.3 

205.2 
218.0 
207.9 
201.9 
213.0 
239.3 
206.3 
205.5 
212.7 
201.0 
207.3 

315.1 
344.7 
316.6 
330.9 
310.2 
316.4 
324.6 
307.6 
314.3 
337.8 
317.8 

202.4 
220.0 
191 09 
202.7 
204.3 
193 04 
218.0 
219.4 

192.6 
197.7 
201.5 
229.6 
192 - 9  
210.3 
222.6 
196.4 
208.4 
230.1 
206.1 

93200 
93365 
102357 
991 36 
101133 
101006 
101684 
95408 
95938 
64052 
97556 

93051 
80 142 
98963 
44921 ~ 

70876 
100440 
98306 
75479 

96328 
96656 
85599 
86270 
96560 
965 14 
8592 1 
100502 
100389 
100746 
100603 

140.6 
131.5 
152.1 
152.2 
142.8 
138.1 
157.0 
161.1 
146.5 
146.3 
162.1 

666.8 292.0 620.4 
653.9 309.7 616.3 
675.8 290.4 619.9 
651.8 285 3 593.0 
639.4 295.8 r 593 2 
635.7 339.2 585.9 
656.3 ' 286.4 596.0 
633.1 281.5 575.3 
616.8 293.9 571 -9 

- 584.4 279.1 561 07 
632.8 281.8 575.7 

- 9/10 Isohtane/Isopentane - 
119.1 
118.0 
130.1 
118.4 
124.0 
121.7 
121 95 
134.8 

655.9 
637.0 
650.8 
639.4 
603.9 ' 

625.9 
621.9 
593.5 

298.4 
322 .6 
289.5 
317.9 
316.4 
288.0 , 

329.6 
329.7 

615.6 
612.2 
591 03 
588.2 
577 . 4 
572.7 
575.4 
565.2 

74513 
60547 
83088 
86505 
71 180 
53484 
8681 1 
88 175 
69052 
53366 
84258 

69858 
48672 
84485 
68725 
49535 
78711 
62899 
48090 

125.6 
122.6 
126.9 
130.0 ' 

134.8 
133.0 
129.5 
140.7 
129.2 
123.3 
135.2 

- 80/20 Iaobutane/Impentane - 
675.1 302.0 615.5 90258 
684.3 315.8 622.1 88362 
654 3 304.7 614.8 72 582 
634 5 316.6 608.2 53067 
656.2 296.2 592.8 9382 1 
635.0 302.5 591.3 75087 
612.1 307.1 584 09 55691 
636.9 293.5 569 7 96419 
615.6 298.3 568.6 77524 
602.5 324.1 565 06 57842 
675.4 . 304.8 619.8 85595 

9.92 
10.4 
10.4 
10.2 
11.0 
10.7 
10.3 
9.2 

10.7 
6.2 
9.4 

10.8 
9.4 

11.4 
13.9 
9.9 

11.5 
12 06 
9.4 

12.0 
14.5 
1010 
8.9 

11 05 
10.4 
8.9 

11.4 
10.8 
11.1 
11 04 

1 L c 

LHTD 
('PI 

17.4 
18.7 
16.7 
16.8 
17.8 
19.8 
16.4 
15.5 
17.9 
16.6 
15.7 

19.6 
19.5 
20.0 
24.1 
21 00 
19.9 
22 04 
19.8, 

21.6 
24 -7 
20.1 
17.5 
20.7 
19.3 
17.6 
19.8 
19.4 
20.7 
20.4 

391 670 
379 628 
425 746 
415 730 
424 739 
372 580 
429 ' 761 
403 711 
407 708 
261 432 
408 715 

379 607 
330 529 
391 660 
393 663 
322 537 
394 662 
386 630 
326 530 

380 633 
402 686 
341 551 
351 562 
380 635 
369 597 
348 560 
393 660 
382 620 
368 . 575 
383 634 

P-Pt 
( O F 1  

8.3 
8.1 
8.5 
9.1 
8.2 
2.6 
9.0 
8.5 
8.0 
6.6 
8.6 

8.5 
8.1 

10.7 
11 03 
8.8 
9.1 

10.5 
8.9 

11 0 4  
13.7 
9.4 
7.0 

11.2 
8.7 
6.8 

10.6 
8.0 
8.2 

10.1 

I 
a, 
w 
1 



Run 
# 

1 
2 
5 
6 
7 
10 
11 
12 
13 
15 

18 
19 
20 
23 

25A 
28 
29 
30 
31 
32 
33 
34 
35 
36 

%r , in 
(OF) 

339.4 
338.9 
339.5 
342 8 
342.6 
344.9 
344 . 3 
344.6 
338.0 
344 . 4 
342.3 
341.5 
342.6 
342.8 

344.0 
342.3 
343.8 
344 -6 
344.9 
342 8 
344 . 5 
345.2 
345.5 
344 0 7 

309.9 93200 
327.1 93365 
307.7 102357 
303.3 99136 
319.7 101133 
305.8 101684 
300.0 95408 
321.6 95938 
296.3 64052 
301.7 97556 

316.7 93051 
334.9 80142 
305.6 98963 
306.0 100440 

315.1 96328 
316.6 85599 
330.9 86270 
310.2 96560 
316.4 96514 
324.6 85921 
307.6 100502 
314.3 100389 
337.8 100746 
317.8 100603 

THC, i n  
(peia) 

292 0 
309.7 
290.4 
285.3 
295.8 
286 4 
281 05 
293 09 
279.1 
281 08 

298.4 
322.6 
289.5 
288.0 

302.0 
304.7 
356.6 
296.2 
302.5 
307.1 
293 5 
29803 
324.1 
304.8 

- . _  

Table 3-9 

Performance for B-6 from Method One Calculation 

-- Cawnercial Ieabutane --- 
620 04 314.5, 603 0 74513 
616.3 329 2 600 -8 60547 
619.9 311.0 599.5 83088 
593 0 307.6 570 06 86505 
593.2 325.9 572.2 71 180 
596.0 311 05 572.6 8681 1 
575 . 3 307 04 552.1 85175 
571.9 328 7 549 . 9 69052 
561.7 310.1 551 08 53366 
575.7 309.3 552.2 84258 

-- 90/10 Ieobutane/Impentane -- 
615.6 322.7 599.7 69858 
612.2 338.8 602.5 48672 
591 03 306.5 . 570.6 84485 
572.7 310.1 551 06 7871 1 

-- 80/20 Isobutane/Isapentane - 
615.5 
614.8 
608.2 
592 -8 
591 -3 
584.9 
569 7 
56806 
56506 
61908 

313.0 
316.6 
334.7 
307.0 
318.8 
329.6 
302.6 
316.6 
338.9. 
315.6 

598 8 
603.0 
598.5 
574.4 
575 . 5 
573.8 
548.7 
550.4 
55003 
602.9 

90258 
72582 
53067 
9382 1 
75087 
55691 
96419 
77524 
57842 
85595 

I .  

DUtY 
(Btu/hr) 
xlO-6 

2.85 
1.15 
3.37 
4.06 
2.41 
4. 13 
4.36 
2.29 
2.76 
4.32 

2.48 
0.55 
3.80 
3.83 

2.90 
2.29 
1.16 
3.45 
2.86 
1.64 
3.85 
3.23 
0081 
2082 

w m  0, 
('PI 

24.2 403 
13.4 295 
25.0 462 
29.1 478 
22.1 373 
29.9 474 
31.1 480 
22.6 346 
27.0 350 
3106 468 

21.7 392 
6.3 301 
24.2 538 
26.6 493 

18.8 528 
16.5 554 
12.9 309 
21.4 551 
19.4 505 
18.9 296 
21.9 602 
22.5 492 
907 286 
18.3 535 

ha ,I 

674 
416 
820 
888 
576 
860 
917 
523 
63 1 
86 1 

641 
445 
11 19 
93 3 

1085 
944 
453 
1193 
989 
426 
1419 
925 
39 1 
1054 

L * c 
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n 

I I I I 
/ 

16 x 0,022) 

o B-4data  (water) 
A 8-1 through 8-5 data (hydrocarbon) 

X8L821- Iti5 

Pig. 3-12 Nusselt Plot r Tests Based 
on Method One Calculation 
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In  Table  3-8 the  values of Um vary from 429 t o  261. The general 

trend of Um i s  t o  lower values with increasing mole fract ion of iso- 

pentane ( fo r  example, compare test runs 7, 21, and 31). However, the  

Nusselt numbers for  the individual exchangers fo r  each test f lu id  when 

plot ted against  the Reynolds number are i n  excellent agreement with 

predicted values as  Figure 3-12 demonstrates. The l i n e  in Figure 3-12 is 

equation 3-24 with the plot ted points  selected from among a l l  three 

test f lu ids  for  exchanger B-1 through B-5 and the  water-water test data. 

The agreement is excellent . 
The values of Um fo r  B-6 vary from 538 t o  295 and are la rger  than 

those fo r  B-1 through B-5 because of the enhanced heat t ransfer  i n  TCL 

region. For B-6, the  effect of f lu id  composition on Urn is harder t o  

detect  because of the greater  uncertainty i n  the values of %. 

Method WO: 

The second method of prediction treats the en t i r e  t r a i n  of heaters 

(B-1 through B-5) as one long heat  exchanger. Only the temperature and 

pressure of the cold end are provided. The calculation proceeds from B-1 

through B-5. Errors i n  the pressure drop prediction are accumulative as 

the pressure and temperature a t  the ou t l e t  of each zone is the i n l e t  value 

f o r  the next zone. 

exchanger designer performs fo r  an actual design where only the terminal 

The second method i s  representative of the task a heat 

conditions may o r  may not be specified and the  calculated e x i t  pressure can 

only be compared t o  the specified ( i n  our case, measured) pressure. 

For t h i s  calculat ional  scheme, Cs is  fixed a t  1.0115 and a first 

l a w  heat  balance is  forced on each zone. The Cs value w a s  obtained as 

the average of the individual values fo r  the data scans f o r  the commercial 

isobutane tests run with Co fixed a t  1.116. 

LJ 

. 

. 

L, 
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Rather than run a l l  t he  data scans and report out averaged values, 

one data scan representative of each test run was selected for analysis. 

The resu l t ing  performance parameters are compared i n  Table 3-10 t o  those 
. *  

obtained frm the first calculat ional  m e t h o d .  

t he  total area of B-1 through B-5. 

The hev values are for 

The quant i t ies  subscripted with "ma 

are measured values froan the first calculat ional  method. The subscript 

1 and 2 refer respectively t o  the  f i r s t  and second calculat ional  methods, 

and t h e  subscript  "dev" ,are computed r e l a t ive  to  the measured quantity. 

W e  noted t h a t  with f e w  exceptions U and Um agree qui te  w e l l ,  as do 

h, and ho,m# and Pdev is within acceptable l imits .  

varies considerably. 

computed pinch point versus the experimental value, P-Ptl. 

the temperature-pressure profile as canputed l ies  closer to the brine duty 

l i n e  than indicated by experiment. 

However, h e v  

A n  in te res t ing  point is the consis tent ly  smaller 

This means 

The r e s u l t  is a smaller LMTD for many 

zones and a concomitantly la rger  area. 

The relat ionship is nicely d onstrated by the  T-Q plot of Figure 

3-13 f o r  test run 21 (naninal test f l tdd) .  The dotted l i n e  is the 

experimental hydrocarbon curve (method 

computed hydrocarbo 

qua l i t a t ive ly  iden t i ca l  

temperature and t h e  severe t r ans i t i on  

to  be a cri t ical  pinch point o 

pinch point and the  are 

calculat ion) ,  t h e  so l id  l i n e  the 

s 

b Figures 3-14 and 3-15 i l l u s t r a t e  the price paid i n  k e a  and pressure ? 

drop to heat  the hydrocarbon at supercritical conditions. 

temperature versus area profile for test run 25A. 

Figure 3-14 i s  a 

The hydrocarbon temper- 

Ld ature rises 1488F (125 t o  273OF) i n  the f i r s t  half of the  train, but  only 
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Table 3-10 

Performance for B-1 through B-5 for Selected Data Rune Using a Method Two Calculation 

Ccnnmercial Isobutane 
1 1.9 395 
2 5.5 388 
5 30 04 429 
6 18.6 422 
7 23.3 42 3 
8 3.5 380 
10 19.4 43 1 
11 4.4 410 
12 12.2 414 
13 -5 -6 300 
15 13.9 418 

39 1 1.0 
379 2.4 
425 09 
415 1.7 
424 -0.2 
372 2.2 
429 0.5 
403 1.7 
407 1.7 
261 14 e 9  
40 8 2.5 

Nominal 90/10 
18 34.6 
19 52.8 
20 113.4 
21 99.0 
22 601.7 
23 161 -8 
24 24.4 
25 38.2 

Isobutane/Isopentane 
394 379 4.0 
344 330 4.2 
421 391 7.7 
411 393 4.6 
48 322 -85.1 
424 394 7.6 
404 386 4.7 
336 326 3.1 

Nominal 
25A 
26 
28 
29 
30 
31 
32 
33 
34 
35 
36 

80/20 Isobutane/Isopentane 
-2 03 399 380 5.0 
-0.1 423 402 5.2 
9.0 364 391 6.7 
57.7 366 351 4.3 
3.8 405 380 6.6 
22.9 397 369 7.6 
41 08 369 348 6.0 
4.6 415 393 5.6 
17.9 407 382 6.5 
31 04 406 368 10.3 
11.3 410 383 7.1 

h, 

682 
65 1 
753 
75 1 
736 
60 1 
768 
73 1 
727 
509 
744 

67 1 
563 
741 
71 1 
59 1 
742 
678 
554 

686 
747 
61 1 
60 1 
70 3 
668 
613 
72 3 
688 
672 
696 

horn 

670 
628 
746 
730 
739 
580 
76 1 
71 1 
708 
432 
715 

607 
529 
660 
663 
537 
662 
630 
530 

63 3 
686 
55 1 
562 
535 
597 
560 
660 
620 
575 
634 

hdw 
( 8  1 

1.8 
3 -7 
0.9 
2 09 
-0.4 
3.6 
0.9 
2.8 
2.7 
17.8 
4.1 

10.5 
6.4 
12 03 
7.2 
10.1 
12.1 
7.6 
4.5 

8.4 
8.9 
10 09 
6.9 
10 -7 
11 09 
9.5 
9.5 
11 00 
16.9 
9.8 

-D2 
(W 

16.9 
17.3 
12.8 
14.1 
14.4 
18.5 
13.6 
14.7 
15.6 
15.0 
13.4 

14.0 
12.3 
8.7 
11.6 
20.0 
7.1 
17.2 
13.8 

21.0 
23.6 
17.3 
10.6 
18.8 
14.6 
11.7 
17.9 
15.4 
14.2 
17.2 

17.4 
18.7 
16.7 
16.8 
17.8 
19.8 
16.4 
15.5 
17.9 
16.6 
15.7 

19.6 
19.5 
20 00 
24.1 
21 00 
19.9 
22.9 
19.8 

21 06 
24.7 
20.1 
17.5 
20.7 
19.3 
17.6 
19.8 
19.4 
11.1 
20.4 

-0 07 
-5.1 
0.6 
0*2 

-1 03 
-6.8 
-0.7 
-0.3 
-4eO 
-0.2 
-2.0 

0.4 
6.4 
-6.2 
-8.8 
-15.0 
-71 00 
-4.7 
-2.5 

-0.7 
-3 00 
2.0 
14.8 
le0 
2.6 
215 
-0.2 
1.1 
d 06 
0.6 

P-Pt2 
('PI 

7.9 
6.8 
5.5 
7.0 
5.2 
2.2 
6.7 
8.6 
6.0 
7.2 
6.9 

4.7 
3.4 
2.6 
2.7 -. 7 
1.4 
5.9 
4.1 

10.1 
12 -4 ' 
6.8 
2.5 
9.4 
5.1 
3.0 
9.0 
5.4 
3.7 
7.0 

8. 3 
8.1 
8.5 
9.1 
8.2 
2.6 
9.0 
8.5 
8.0 
6.6 
8 -6 

8.5 
8.1 
10.7 
11.3 
8.8 
9.1 
10.5 
8.9 

11 -4 
13.7 
9.4 
7.0 
11.2 
8.7 
6.8 
10.6 
8.0 
8.2 
10.1 

I 
a, 
a, 
I 

I * 
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- A Measured Brine Temperature 
o Measured 80120 Hydrocarbon Temperature 

I I I 

500 1000 1500 
1001 

0 
A ,  ( f t ' )  

XBL821- If24 

Fig. 3-14 Temperature vs Area for Nominal 80/20 Test Fluid in Primary Heaters 
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I 400F (273 t o  3130F) i n  the l a s t  half .  Figure 3-15 i s  a pressure versus 

temperature p ro f i l e  for  test run 25A. 

psia  (675 t o  642 ps i a )  i n  the f i r s t  half of the t r a in ,  and 43 ps ia  (642 t o  

599 ps ia )  i n  the l a s t  half .  

The hydrocarbon pressure drops 33 

I 

Frm Table 3-10, i f  we r e s t r i c t  our a t tent ion to those test runs (1,  18, 

and 2 6 )  t ha t  a re  located around the or iginal  "design" conditions, we see, with 

the exception of the 90/10 test data,  t h a t  Qev values are  qu i t e  small. 

Overall, we conclude tha t  the selected correlations appear adequate. As for  

the consistent area deviation for  B-6 (see Table 3-81, i ts  overal l  e f f ec t  

must be weighted by the  f ac t  t h a t  B-6 contributes only one s ix th  the t o t a l  

area so t h a t  the 20% er ror  makes only a 4% overal l  contribution. 

We f ind no major discrepancies, i.e., our selected correlations were 

not t o t a l l y  inappropriate. 

agreement for  the par t icu lar  configuration and t e s t  condition investigated. 

The present r e su l t s  indicate  good t o  excellent 

The main in ten t  of the program, t o  ver i fy  the exchanger performance 

with exis t ing correlations,  has been achieved. This does not imply t h a t  

d i f fe ren t  design correlations and thermophysical propert ies  could or would 

achieve the same level of accuracy between prediction and actual  performance. 

W e  have employed a re la t ive ly  simple, straightforward approach. Proprietary 

codes ex i s t  which are  f a r  more sophisticated,  especial ly  w i t h  regard t o  

pressure drop and flow calculations,  which i f  used t o  process the experimental 

data probably would give d i f fe ren t  resul ts .  We cannot perform such tasks,  

but strongly suggest any designer analyze tha t  portion of the experimental 

data base closest  to  h i s  design conditions so as t o  scale  h i s  own correl- 

a t ions  against actual experimental data. 

t h i s  program i s  the data base. 

We fee l -  the ultimate value of 

Consequently, we have appended the raw data 

scans for  the t e s t  runs. 
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TEST RESULTS, CONDENSER 

Hydrocarbon Composition: 

The method of preparing the  hydrocarbon test f lu ids  and t h e i r  chemical 

analysis  were as described under Hydrocarbon Sampling and Analysis, and 

Hydrocarbon Camposition f o r  the primary heaters. 

f l u i d  compositions. 

Table  3-11 lists the test 

Numerical i n s t a b i l l t i e s  were encountered i n  performing the  d e w  point  

and bubble point  calculations needed f o r  the 

because of the low mole fract ions of pro*ne, n-butane, and n-pentane. 

Consequently, f o r  condenser data analysis, t he  isobutane composition 

w a s  set equal t o  the sum of . the propane, n-butane, and isobutane mole 

f rac t ions  as listed i n  Table  3-11, and the  isopentane composition w a s  set 

enser data anal 

equal to uni ty  minus the isobutane composition. 

~ . .  

primary heater data analysis w a s  to  val idate  

the  heater performance, f o r  the condenser the in ten t  is to  report  'measured" 

quant i t ies  such as overa l l  heat  t ransfer  coefficients,  s h e l l  side fi lm 

coeff ic ients ,  Reynolds numbers, etc. These measured quant i t ies  could then 

1 .  

be used as a benchmark f o r  larger  o r  more complicated condenser designs. 

W e  have adopted t h i s  approach because modeling of condensers, though a w e l l  

t raveled road, ends i n  as many d i f fe ren t  locales  as the modeling vehicles 

employed. 

would have the widest appl icabi l i ty .  Consequently, w e  have choosen 

'conventional" models and dispensed with m y  stepwise calculations across 

W e  have attempted t o  maintain a simple approach whose results 

the tube bundle. 

this approach. 

assumed. Nomenclature used is l i s t e d  i n  Table  3-12. 

The following presentation of basic equations r e f l e c t s  

A cer ta in  fami l ia r i ty  of the reader with the equation is 
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1 1  
T a b l e  3-1 1 

Hydrocarbon Camposition for the Condenser T e s t s  

fcanmercial fsobutane 

1 

Component Mole % 

Propane 0.33 
n-Butane 3.28 
i-Butane 96 39 

Isobutane/Isopentane 

Component Mole % 

propane 0.33 f 0.01 
n-Butane 2.97 f 0.02 

n-Pentane 0.45 f 0.05 
i-Pentane 9.06 f 0.01 

i- B u t  an e 87.22 f 0.06 

Nominal 80/20 Isobutane/Isopentane 

Component Mole % 

propane 
n-Butane 
i - B U t a n e  
n-Pentane 
i-Pentane 

. 
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Data Reduction-Condenser, The B a s i c  Equations: 

LJ A modified form of the basic heat t ransfer  equation w a s  used f o r  the 

condenser : 

A MTD (3-57 1 
b Qcond = 'cond cond 

where Qcondr Ucondr and bond have their usual meaning and MTD is  

the mean temperature difference cmputed as, 
w 

MTD FOLMTD (3-58 ) 

where LMTD is the log-mean-temperature difference defined f o r  the 

condenser as 

T b = T  - l iq  Tcw,in 

W D  1c (Tao Tb)/Rn(Ta/Tb) ( 3-59 1 

and F is a correction factor f o r  non-isothermal conditions* defined as 

where : 

V 

F = -amtp * Rn(l+ Rn(l-b/r)) 

N = 1 (number of tube passes) 
t P  

1 0 0 

P = (Tcw,out Tm8in)/(Tvapor Tcw,in 

b = r*p 

a =, an( l-p)/( 1-b) l/(r-l) 
T hydrocarbon dew point temperature a t  

condenser pressure 8 Pcond 

T - hydrocarbon bubble po mperature a t  Pcond 
l i q  

= cooling water I n l e t  temperature i n  

(3-60 ) 

- cooling water ou t l e t  temperature Tcw,out 

*(Private  communication, P. T. Doyle) 
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A -  

c -  P 

d -  

Q -  

G -  

h -  

k -  

L -  

m -  

h - 
P -  

P r -  

Q -  

r -  

s a -  

T -  

LmD- 

.urn - 
0 -  

u -  

p -  

e -  

b -  

1,o - 
i o -  

c v -  

B c -  

u -  

i n -  

o u t -  

&ell - 

T a l e  3-12 

UCMENCUTURE 

Burface u e a ,  f 2  

Beat capacity, 8t"/lbQ-.F 

Diameter, f t  

Acceleration of gravity, f t/sec 

b s  velocity, 4,,/lu-ft 

Heat transfer coefficient, Btu/hr-ft2-oF 

Thermal conductivity, B t u / a t - f t 2 - V  

Tube length, f t  

Fluid mass f l o w ,  lbp 

Uusselt number, dimensionless 

2 pressure, lbdia 
Prandtl number, dimensionless 

Heat load, B t u / a t  

them& resistance (individual) , hr-ft /Btu 

Reynolds number, dimensionless 

Fluid Temperature, OF 

Log mean temperature difference, OF 

Mean e p r a t u r e  difference, OF 

Overall heat transfer coefficient, Btu/hr-ft2-O? 

Viscosity, lbs/ft-sec 

Fluid density, lbQ/ft3 

2 

Bulk  mole fraction of hydrocarbon camponent, dimensionless 

SWSCRTPTS 

Bulk property 

Inside and outside areas, respectively 

Imide valve referred t o  outside surface area 

cooling water 

Hydrocarbon 

rmeasmed quantity 

inlet 

outlet 

shall side 

w a l l  - t u b  interior w a l l  

. 

i 
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The overall heat transfer coefficient may be treated as a series of 

connected thermal resistances, i.e., 

1 + -  1 1 
+ 'foul + rvall + rshell ho . - P- 

'cond 

where : 

(3-61 ) 

is the tube side film coefficient referred to  the outside 
tube area, 

is th 

is the shell side fouling resistance, 

e side fouling resistance, foul r 

r 

hO 

shell 

is the shell side film coefficient referred to  the outside 
tube area 

Because we are interested i n  measured quantities, we rearrange equa- 

tions (3-57) and (3-61) t0 yield, 

'm Qcond/(Acond MTD) 

1 
h =  1 - -  - - r  - r  -I: 

'm wall foul shell hio 
0 8 m  

' 1 .  

The las t  three terms in q u a  

t ions  which are functi 

geanetry factors. 

ophwical f luid properties and 

As w i t h  the primary heaters, the tube side film coef- 

ficient'was computed from the Dittus-Boelter equation, given as, 

0map 0.4 
r Nut = 0.022 Ret 

where : 

(3-62 

(3-63 ) 

(3-64 1 
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- 
Gt - 

do = 

di - 
- 

kb - 

u =  b 

c =  
P 

m =  cw 

N =  
9 P 

i 1 Nt = 

outside tube diameter 

inside tube diameter 

thermal conductivity of the bulk f l u i d  

viscosi ty  of the bulk f lu id  

heat capacity of the bulk f l u i d  

I 

m a s s  flow rate of the cooling water 

number of cooling water tube passes 

number of tubes 

At =,cross-sectional area of a single tube 

The tube wall thermal resistance was computed as 

The relat ionship for  ‘foul is  discussed later. 

The other condensing parameters of i n t e re s t  are the Reynolds number, 

the Nusselt number and the  clean overal l  heat  t ransfer  coefficient.  

The condensate Reynolds number, Rey,, i s  given as 

( 3-65 ) 

where : 

(3-66 ) 

tube loading 

m / N L  

mass flow of the hydrocarbon 

H c  cs 

number of condensing streams 

tube length 

the hydrocarbon bulk viscosi ty  a t  
the bubble p o i n t  



W 

. 

* 

U 
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The Nusselt number f o r  no vapor shear effects is given as, 

where : 

k = l iquid hydrocarbon thermal conductivity a t  the  
lis bubble point 

g = acceleration of gravity 

- bubble point hydrocarbon density P l i q  

= d e w  point hydrocarbon density Pvap 

The clean overal l  heat t ransfer  coeff ic ient ,  uclean, i s  given by, 

The above equations assume w e t  tube w a l l  conditions. The w e t  tube 

w a l l  model w a s  adopted because i n  all test runs the cooling water exit 

temperature was w e l l  below t h e  hydrocarbon dew point temperature for the 

(3-67 ) 

set  condenser pressure. 

the  tube w a l l  i n  contact with vapor. 

The condensing mechanism is therefore liquid on 

Consequently, t he  d e w  point temper- 

(3-68 ) 

ature is used i n  the model rather than the temperature of the incoming 

superheated vapor 
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I 

i 

I 

D a t a  Reduction, Condenser, Assumptions: 

The condenser basic equations w e  used have no empricially adjustable 

parameters; only the  correct  thermophysical properties are needed. The 

cooling w a t e r  properties presented no problems and w e r e  taken to be those - 
f o r  pure water. 

bubble point temperatures. 

The hydrocarbon properties require the dew point and 

The temperatures fo r  equation 3-66 through 3-67 were specified as 

T vap,cal = Fl(Pc~nd8ziC4) ( d e w  point)  

T liq,cal F2(Pcond' Z )  i C 4  (bubble point)  

(3-69 ) 

(3-70) 

(3-71 ) - - 
liq,exp THc,out T 

- 1 (3-72 ) 
+ (Tvap,cal Tliq,cal = T  

liq, exP 

where : 

vap , cal T 

lis, ca l  T 

out 

Z 
ic4 

is  the calculated dew point f r m  f l u i d  
property algorithms 

is  the calculated bubble point f r m  f lu id  
property algorithms 

is the experimental bubble point 

is the measured temperature of the hydrocarbon 
exi t ing the  condenser 

is the experimental d e w  point temperature 

is the bulk mole fract ion of isobutane 

The f l u i d  property algorithms were writ ten to allow calculat ion of the 

bubble point and d e w  point temperatures given the condenser pressure and 

L, hydrocarbon canposition using the  standard method of equating component 
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fugac i t ies  across the phase boundary. 

compared w i t h  experimental datai2 and the  measured condenser hydrocarbon 

When the computed bubble points w e r e  

e x i t  temperatures, t he  hydrocarbon algorithms were found t o  y ie ld  bubble 

points f ive  W ten degrees higher than the experimental data or  the mea- 

sured e x i t  temperatures. 

differences across the dome were i n  much better agreement w i t h  experiment. 

However, the cauputed isobaric  temperature 

since the experimental data w a s  limited, the  algorithms could not be 

rel iably readjusted. The simplest approach was to  take the bubble point 

temperature as the measured hydrocarbon e x i t  temperature, T H ~ , ~ ~ ~ .  

The condenser tests were run such that the denser's two down- 

caners, where the e x i t  temperatures were measured, were never flooded with 

l i qu id  so that THc,out includes a m i n i u m  of subcooling. 

f 

The dew point temperature could not, however, be d i r ec t ly  measured. 

The hydrocarbon domes are retrograde, which would require a two-phase 

expansion from the  thr 

very near the dew p i n  

the twephase region the expansion should start, and s ince such a procedure 

would of necessity r e l y  d i r ec t ly  upon calculated temperatures and physical 

properties,  the s i m p l e  approach of requiring.the hydrocarbon exi t ing the  

primary heaters t o  be f u l l y  i n  the gas-phase w a s  adopted, albeit the exit 

mndit ions were of ten subcritical. The above procedure eliminated any 

poss ib i l i t y  of l iqu id  carry over to the condenser and insured t h a t  the 

alve to produce a condenser inlet state on o r  

nce no provisions existed t o  indicate  where i n  

W 

incoming gas w a s  f u l l y  superheated. 

exchanger t r a i n  were s e t  by noting the  hydrocarbon temperature d is t r ibu t ion  

and operating a t  f ive  b ten degrees above the computed dew point for  the 

heat exchanger t r a i n  e x i t  pressure. Consequently, the  measured T ~ ~ , i n  is 

a superheated gas temperature. To es tabl ish a dew point temperature, t he  

The e x i t  condi t ions . f rm t h e  heat 
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calculated temperature difference across the dome a t  Pcond was added 

to TlIq,exp* 

assumptions. 

Equations 3-69 through 3-72 summarize the temperature 

The temperatures used i n  the condenser analysis are therefore, 

The geometry factors  are: 

= 0.75/12 

d i  = 0.560/12 

N p = 2  

N t  = 336 

N c s  - - 36 for f u l l  tube bundle 
18 f o r  half  tube bundle 

L = 19.6 

g = 32.17406 

Values for the three thermal resistances are also needed, For the 

w a l l  resistance,  &dl = 26.2 (Btu/hr-ft2-OF) f o r  carbon steel tubes. 

With the above values of the tube diameters, equation 3-65 w a s  used t o  

compute rWal1. 

maintained i n  such a state throughout the tests, rshell  w a s  taken 'as  

zero. The values of 'foul depend on the run t i m e ,  and are discussed 

b e l o w .  W e  therefore have 

Because the she l l  s ide  w a s  throughly cleaned and 

rwall = 3.484 (deg-OF-hr-ft2/Btu) . 

rshel l  = O * O  

. 
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The bulk properties used i n  computing the  tube side f i l m  coeff ic ient  

were computed as 

1 /2 kb = (kcw,in + kcw,out (3-73 1 

1 
1 

- 
(Hav,Out Hcw,in 

P (Tcw,out Tcw,in 
c =  0 

( 3-75 ) 

i.e., as the average of the entrance and e x i t  values f o r  the transport  

properties,  and as a constant heat capacity based on the entrance and e x i t  

enthalpies,  H, and temperatures, T. 

Data Reduction, Condenser, T e s t  Results: 

T a b l e  3-12 summarizes the condenser test conditions. Each entry 

is -the average‘of f ive  to eight  data scans. The actual analysis w a s  applied 

t o  each data scan. The number of data scans were: 48 f o r  canmercial 

isobutane, 39 f o r  nconinal 90/40, and 46 for nominal 80/208 f o r  a total of 

133 scans out  of 140 t o t a l  scans taken, with 7 scans rejected for data 

inconsistencies. The reported heat balances are r e l a t ive  to  the cooling 

water duty and the  duty is based on the cooling water. 

Fouling Resistance: 

the test conditions employe tube side fouling could not 

be determined by using be taken as zero. i n  ‘foul could, 

a d i f f e ren t i a l  res is tance method of analysis. 
.I 1 

For any data scan 

1 - r  - r  ( t ) -  1 s  1 
h (to) U m ( t o l  wall foul o hio(to) 
0 8m 

(3-76 ) 



commercial fsobutane 
1 111.0 
2 11U.7 
3 79.9 
4 86.7 
5 84.2 
6 105.4 
7 116.0 
8* 98.2 

N o m i n a l  90/10 
9 118.9 

10 102.2 
11 94.5 
12 78.9 
13 82.1 
14 118.8 
15. 99 00 

N o m i n a l  
16 
17 
18 
19 
20 
21 
22 
23* 

80/20 
113.5 
97.6 
83.7 
78.4 
76. 0 
81 09 

109 . 1 
94.4 

*Half bundle t e a t  

131.3 
126 7 
98.8 

112.5 
106.8 
125.8 
135.9 
113.1 

140.8 
125.2 
115.5 
96.9 

117.4 
139.1 
115.6 

138 6 
123 0 
121.9 
114.9 
90 04 

102.8 
135.5 
114.9 

49694 5 
479748 
376760 
374758 
373982 
442385 
432733 
507 173 

3991 52 
350826 
423201 
370304 
193 197 
399854 
4840 15 

3933 14 
403376 
262970 
243898 
434426 
433223 
3877 83 
48659 1 

Table 3-12 

Condenser T e s t  Summary 

THc, In 
(OF) 

212.0 
171 04 
238 . 5 
170.9 
214.6 

' 206.1 
203 7 
197.9 

211 04 
200.3 
206 09 
221.0 
205 4 
211 09 
206.7 

213.6 
213.2 
210.3 
191 04 
226 5 
244 6 
242.6 
243 a 1 

THC ,out 
( OF) 

173.8. 
157.7 
124.9 
151 07 
140.4 
163.9 
174.0 
172 07 

180.5 
168.2 
154.6 
125.7 
142.9 
176.8 
177.5 

182.8 . 

172.5 
167.4 
155.8 
113.3 
13 1.3 
189.7 
196.0 

pcond 
(psW 

205.1 
172 3 
115.9 
159.3 
139 8 
184.6 
205.7 
203.0 

205.5 
182 08 
162 00 
108.4 
135.8 
201 08 
201 07 

205.3 
174 5 

.160.6 
140 09 
90.3 , 

131.0 
204 6 
219.6 

"€IC 
(lbs/hr 

81502 
62858 
39096 
76893 
53564 
66793 
69858 
62 136 

70218 
7271 3 
61 968 
38442 
44237 
63615 
63615 

76699 
71 887 
69382 
61428 
33 158 
47448 
76464 
79766 

mty x 10'6 
( B t u / h r  

10.50 
7.59 
7.08 
9.65 
8.43 
8.95 
8.55 
7.48 

8.71 
9.43 
8-85 
6.63 
6.76 
8.08 
7 098 

9.99 
10.20 
9.99 
8.88 
6.21 
9. 03 

10.41 
9.92 

1.2 
2.1 
1.2 
1 a6 
1a3 
1 a2 
2.4 
2 04 

0 a9 
0.3 
1.0 I 

1.1 
1.1 
1.0 
1.3 

4.6 
5.1 
4.2 
4.9 
2.8 
4.4 
3 .'I 
5.4 

b 

I 
- P  
0 
lb 
I 
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I f  the in i t ia l  tes t  conditions are repeated at.some later time, t l ,  and we 

assume that, 

then we have 

Further assuming that the change i n  rfoul between time and t 1  is 

l inear ,  we have 

A t  = tl - to 

&foul = Arfoul 
~ 

d t  A t  

The fouling resis tance a t  anyt ime on the in te rva l  to to  t l  is then 

given as 
Arfoul (t - to) to< t < tl A t  

+ 0 
r (t) = rfoul foul 

(3-77 ) 

(3-78 ) 

(3-79 ) 

(3-80 ) 

(3-81 ) 

is the init ial  fouling resis tance at  time to which i n  l i e u  of 0 

foul where r 

other data must be specified. 

The condenser tests were structured so that for  each test fluid,  t he  

las t  test run w a s  a repeat of the i n i t i a l  tes t  run, thus allowing r f o u l / A t  

to be determined f o r  each of the three f lu ids  tested. The condenser tubes 

were hydrolanced j u s t  p r io r  to the start of testing. A value of 0.0005 for 

0 was chosen to represent the just-cleaned tubes. Since the tubes foul r 

were not cleaned again during the  course of tes t ing ,  t he  value of ro foul f o r  the 

90/10 test w a s  

tests, and to f o r  the 90/10 test w a s  set equal t o  the time of the last cm- 

mercial isobutane test. 

en as the las t  value of 'foul for the commercial isobutane 

The same procedure was followed f o r  the 80/20 tests 
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only with the las t  values of the 90/10 test used as the i n i t i a l  values f o r  - 
id 

the  80/20 test, etc. 

Using t h e  average of the individual data scans for test runs I, 7, and 

98 148 and 16, 22 (see Table  3-12), and the  above method of calculation, 

the  three fouling resistance equations listed i n  Table  3-13 w e r e  derived. 

The three equations of Table 3-13 were then used i n  computing holm and 

Uclean according t o  equation (3-68) through (3-75) fo r  the individual 

data scans. Figure 3-16 i s  a p lo t  of rfod versus real time. 

Performance Factors: 

Each data  scan w a s  analyzed using the  basic equations and the  appro- 

p r i a t e  fouling resistance.  Table  3-14 lists the performance fac tors  f o r  

one selected data scan from each test  run. Figure 3-17 is  a p lo t  of Um 

and Uclean fo r  the f u l l  bundle test runs of Table 3-14 against  the test 

run number. Figure 3-18 is a p lo t  of &,m f o r  the same test runs against 

t he  test run number. 

From Figure 3-17 w e  see that Um and Uclean decrease w i t h  increasing 

isopentane composition. These r e su l t s  are i n  qua l i ta t ive  argument w i t h  

experimental data on single tube condensationi3. 

more surface area would be needed f o r  a m i x t u r e  than f o r  pure isobutane 

The implication is that 

running a t  the same condenser pressure as the mixture. However, we note 

from Table 3-13 tha t  the performance of canmercial isobutane and nominal 

80/20 m i x t u r e  can be comparable fo r  similar conditions, and i n  some case 

the m i x t u r e s  perform better. The other fac tor  is the mixtures higher 

L 

temperature gradient for  condensation f o r  the same condenser pressure which 

apparently o f f s e t s  the lower value of the f i l m  coefficient.  
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Table 3-13 

U 
Condenser Tube Side Fouling Resistance 

t Commercial Isobutane Tests 

Nominal 90/10 Isobutane/Isopentane Tests 

Nominal 80/20 Isobutane/Isopentane Tests 

= 1.642 loo3 i 10.01 l o d  t(hrs), 104.5 < t < 198.25 
foul r 



30 

20 

IO 

I 

J 

Isobutane/l sopentane 

Is0 butane 

I 
0 

C 
100 

Run time (hrs)  
XBL821-1730 

Fig. 3-16 rfoul vs Condenser Run Time 

200 

. 

L 
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Table 3-14 

Condenser Performance for Selected Data Scans 

3 r x 10 Urn foul Test # Time 
(hrs 1 

'clean Nu 'r 

commercial Isobutane 
1 8.5 0.610 
2 10 -25 0.633 
3 26-75 0 847 
4 31 -50 0.909 
5 34m75 0.951 
6 51 -50 1.169 
7 53 e50 1.195 
8* 54.75 1.21 1 

NOmiMl 90/10 
9 76-50 1.402 

10 78 -50 1.419 
11 81.25 1.442 
12 98.50 1 590 
13 100.00 1.603 
14 102.00 1.620 
15* 104.50 1 e642 

1461 e224 
1410 e215 
1005 260 
1055 e232 
1034 e240 
1301 e232 
1338 e222 
1394 e319 

2480 
1764 
909 

2080 
1365 
1936 
21 12 
371 1 

3.6 
3.6 
5.2 
4.6 
4.8 
3.8 
3.4 
4.3 

0.08 
0.77 
0.07 
1 e04 
0 m53 
0.67 
0.61 
0.07 

156 
151 
159 
147 
149 
145 
141 
178 

173 
166 
183 
170 
173 
175 
169 
227 

21 0 
202 
24 3 
218 
22 5 
217 
20 8 
299 

2151 
2052 
1625 
876' 
1112 
1881 
3786 

128 
128 
131 
126 
117 
127 
169 

189 
193 
20 0 
20 1 
208 
194 
314 

1274 m202 
1221 206 
1198 -214 
988 e216 

559 . 222 
1274 e208 
1346 e336 

3.3 
3.3 
4.3 
5.3 
4.7 
3.3 
4.2 

0.55 
0.11 
0.17 
0 e 8 9  
0.32 
0.28 
0.15 

155 
157 
162 
158 
144 
159 
234 

Nominal 
16 
17 
18 
19 
20 
21 
22 
23* 

80/20 
149 25 2 090 
151 -25 2.110 
153.25 2.130 
169.75 2.295 
174.50 2 343 
176.50 2 . 363 
196.4 2 562 

198.00 2 578 

151 
154 
145 
140 
198 
23 7 
156 
269 

1241 195 
1181 e202 
80 9 e202 
728 198 

1095 286 
1144 360 
1188 -204 
1335 e409 

2280 
1962 
1842 
1536 
66 0 

1044 
2244 
4913 

3.4 
4.1 
4.5 
4.9 
5.6 
5.0 
3.7 
4.3 

4.2 
4.1 
3.2 
4.1 
1.7 
3.6 
1.3 
5.0 

114 
116 
111 
106 
135 
152 
111 
159 

182 
189 
189 
185 
264 
33 4 
191 
382 

*Half bundle test 
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Fig. 3-17 Condenser Overall Heat Transfer Coefficient vs 
Condenser Run Number 
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F i g .  3-18 Condensate F i l m  Coeff ic ient  vs Condenser Run Number 
XBL 821 - If28 
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Figure 3-19 is a plot of Nu versus Rey, f o r  the results of Table 

3-13. The lef t  hand sect ion is for laminar conditions; it is then followed L.i 
by a t rans i t ion  region and a turbulent region where the f i l m  coeff ic ient  

increases sharply. Most of the test data falls i n  the t r ans i t i on  region 

with the half bundle tests i n  the turbulant region and a t  conditions more 

- 

l i k e l y  choosen for a commercial application. 

For those wishing t o  do a more detailed analysis  than presented i n  

this report ,  t h e  r a w  data for the condenser runs is appended. 

. 

\ 
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Fig. 3-19 Condensate Nusselt Number vs Condensate Reynolds Number 
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SECTION 4 - SUMMARY AND CONCLUSIONS 
A Rankine cycle using a hydrocarbon working f luid shows pranise f o r  con- 

ver t ing the thermal en of moderatetemperature hydrothermal geothermal 

resources into electri r. In  order to  obtain performance data on the 

binary process a test loop employing state-of-the-art shell-and-tube 

heat exchangers w a s  constructed and in s t a l l ed  a t  the U.S. Department of 

Energy's East Mesa T e s t  Faci l i ty .  

data on- heating isobutane and mixtures of isobutane/impentane a t  super- 

critical conditions i n  the v i c in i ty  of their critical pressure and temper- 

a ture  and for condensing the same fluids. 

those tests are r 

The test loop has provided performance 

The re su l t s  and analyses of 

The test loop consisted of three f l u i d  loops: brine, hydrocarbon, and 

cooling w a t e r .  The three loops were intercannected through the primary 

brine/hydrocarbon heat exchanger t r a i n  and the condenser/subcooler t ra in .  

A n  expansion valve was used in li 

rejected t o  the atmosphere through a w e t  cooling 

instrumented t o  record temperatures, pressures, and f l o w  rates for the 

f a turbine, and the heat load w a s  

r. The test loop w a s  

brine, hydrocarbon, and cooling w a t e r  entering and exi t ing  each exchanger. 

g the  operation of the tes loop and their 

solution w e r e  : 

1. The shell side of the exchangers w a s  successfully cleaned using 
8 a HCl/ammonium bifluoride-ammonium citrate solution which gave 

ing of the exchanger tdbes proved quick, s h p l e ,  and 

gave excellent 

Suspended matter swept up by the  circulat ing hydrocarbon w a s  3. 

ef fec t ive ly  removed by f i l t e r ing .  
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4. Instrument performance w a s  excellent with no f a i l u r e s  in flow 

meters, thermometers, pressure gauges, o r  controllers.  

Leaks i n  the heat exchangers occurred during t h e  testing. 

leaks w e r e  from w e l d  f a i lu re s  a t  the tube/tube-sheet interface.  

A l l  leaks were repaired i n  the f i e l d  by heli-arc welding. 

Analysis of the hydrocarbon taken from the test loop during 

5.  A l l  

6.  

est ing showed no detectable leve ls  of water. 

b l e  fo r  a l l  test conditions encountered, 

both fo r  subcritical and supercr i t ica l  operations, and f o r  

traversing between e i the r  mode. 

The test data  fo r  the primary heaters and condenser covers an area 

of commercial i n t e re s t .  The test data was analyzed using models ccnnmon to 

the heat t ransfer  industry. 

area predictions,  overal l  heat t ransfer  coeff ic ients ,  s h e l l  side film 

coeff ic ients ,  mean temperature differences, exchanger pinch points,  and 

she l l  side pressure drop predictions. 

Analysis of the primary heater data yielded 

W e  found tha t :  

1. Heat t ransfer  and pressure drop correlat ions applicable i n  the 

l iquid region (non-crit ical  region) t h a t  yield state-of-the-art 

accuracy can be used as a basis fo r  a stepwise performance cal- 

culation of a supercr i t ica l  binary heat exchanger t ra in .  

Thermodynamic and transport  property algorithms are an in tegra l  

part of the performance correlation. The use of other property 

data w i l l  produce r e su l t s  d i f fe ren t  from those found i n  t h i s  

investigation. 

2. 

3. When the heat t ransfer  and pressure drop correlat ions employed 

w e r e  empirically adjusted, though the standard forms were not 

i 

. 
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modified, t o  give a high degree of accuracy f o r  liquids w e l l  

removed from the cri t ical  region, t h e  correlations could then be 

used, unadjusted, f o r  performance calculations of the experimental 

data f rau  the  l iquid region through the transposed critical region. 

4. When the hydrocarbon temperature-pressure p ro f i l e  along the exchanger 

t r a i n  i s  known ( i n  our case measured), t h e  area calculated from 

the correlations agreed generally w i t h i n  2% of the  overal l  t r a i n  

area with predicted individual exchanger areas varying fran -0.3 

to  5.2% f rau  the known values. 

I 

I 

5. When the hydrocarbon temperature-pressure p ro f i l e  along the  

exchanger train w a s  calculated (as i n  the case of designing an 

exchanger t r a i n )  s ign i f icant ly  greater e r r o r  i n  the calculated 

area resulted. 

P-H-T correlations,  primarily i n  the n e a r c r i t i c a l  region where 

the temperature pinch point occurred. Experimental temperature 

pinch points ranged fran 2.5 to  13.7OF w i t h  most values between 8 

The errors appear due to  uncertaint ies  i n  the 

t o  9OF. 

smaller than the experimental values resu l t ing  i n  overpredic t ion  

The P-€I-T correlat ion generally predicted pinch points 

of the required area. The overal l  t r a i n  area calculated f o r  

commercial isobutane and naninal 80/20 isobutane/isopentane 

averaged 1 1 %  higher than the actual  area. The calculated area for 

nominal 90/10 isobutane/isopentane were much worse, averaging 70% 

higher . 
, 

6. For the 80/20 mixtures, when the operating pinch point was 10°F 

or greater, t h e  calculated area w a s  less than 12% l a rger  than the 

known area. In  general, f o r  pinch points less than  10°F, the  I 
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calculated areas deviated from 10 t o  600%. Based upon the 

calculat ional  methods of t h i s  report, an increase i n  the  operating 

temperature pinch appears necessary to  reduce errors i n  the area 

to acceptable levels, par t icu lar ly  fo r  the 90/10 mixture. 

A d d i t i o n a l  experimental work on the thermodynamic propert ies  7. . 
in the  near-cr i t ical  region appears necessary t o  improve the 

accuracy of performance predictions for 90/10 mixtures, and f o r  

temperature pinch points of 10°F or less. 

80 For the hot exchanger, t he  correlat ions consis tent ly  underpredicted 

the area by approximately 20%. The resu l t s  are consis tent  with 

, other i n v e ~ t i g a t o r s l ~  that concluded t h e  increased heat  t ransfer  

effect near the Transposed Critical Line is less than predicted by 

standard equations. 

about 4% of the  overall t r a i n  area and appear not to introduce 

Errors in the predicted area represented 

unacceptable error for design of indus t r ia l  heat  exchanger t r a i n s  

spanning the  temperature in te rva l  explored i n  t h i s  investigation. 

However, invest igat ion of heat t ransfer  i n  the near c r i t i c a l  

region is of i n t e re s t  and should be pursued and more f u l l y  

understood. 

Fouling of the brine o r  hydrocarbon w a s  not measureable throughout 

the duration of the tests. 

The overal l  heat t ransfer  coeff ic ients  (Btu/hr-ft2-OF) varied 

frm 390 t o  425 f o r  commercial isobutane, 395 t o  326 f o r  the 

nominal 90/10 mixture, and from 351 t o  402 for the  nominal 80/20 

mixture. 

9. 

10 . 

Analysis of the  condenser data yielded overall heat t r ans fe r  coef- 

f i c i en t s ,  s h e l l  side fi lm coeff ic ients ,  mean temperature differences, and G 
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tube side fouling resis tance as a function of time. We found that:  

1. 

2.  

3. 

4. 

The re lat ionship between t i m e  and fouling of the cooling water 

side as determined by measurements outlined i n  this investigation 

w a s  necessary for obtaining the hydrocarbon condensing coefficients.  

Assuming a w e t  tube w a l l  f o r  calculation of the mean temperature 

difference, and including the  &superheating duty i n  the total 

condensing heat load were applicable f o r  the test conditions 

encountered. 

The overal l  condensation coeff ic ients  fo r  isobutane, 90/10 and 

80/20 mixtures show a s l i g h t  decrease w i t h  increasing isopentane 

content in agreement w i t h  earlier work.13 

coeff ic ients  (Btu/hr-ft2-OF) f o r  the f u l l  bundle tests were 190 

t o  240 f o r  overal l  condensate Reynolds numbers of 600 t o  2000. 

The half bundle tests increased t h e  Reynolds number t o  3700 t o  

4900 yielding condensing coeff ic ients  of 300 t o  380. 

The data fur ther  confirms the departure frm Nusselt type condens- 

a t ion as higher tube loadings are achieved. 

taken, the condensing coeff ic ient  w a s  essent ia l ly  constant u n t i l  

The condensing 

For a l l  the data 

& F o l d s  numbers of about 3700 were reached were the coeff ic ient  

increased by 50%. 

number frm 2200 t o  3700, therefore  the actual departure point w a s  

No data was taken the range of Reynolds 

not determined. 
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ABSTRACT 

711) 
Analysis of f i e ld  performance data fran a binary cycle test loop 

using geothermal brine and a hydrocarbon working f luid is reported. 

Results include test loop operational problems, and shell-and-tube heat 

exchanger performance factors such as overal l  heat t ransfer  coefficients,  

f i l m  coeff ic ients ,  pinch points, and pressure drops. 

. 

tubes and hydrocarbon i n  the shells i n  counterflow, and f o r  a condenser 

having cooling water in the tubes and hydrocarbon i n  the shel l ,  

f lu ids  reported are isobutane, 90/10 isobutane/isopentane, and 80/20 

isobutane/isopentane. 

f l u i d  a t  supercr i t ica l  conditions in the v ic in i ty  of t he i r  critical 

i I-- I 

) 

/Lr formance  factors are f o r  s i x  primary heaters having brine i n  the 1 
Working I 

Performance factors  are f o r  heating each working 
/ 

! 
i 
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PI204 Hydrocarbon pressure 

TW101 Brine temperature B1-out 
TW102 Brine temperature a t  Bl/B2 
TW103 Brine temperature a t  B2/B3 
TW104 Brine temperature a t  B3/B4 
TW105 Brine temperature a t  B5/B6 
TW106 Brine temperature a t  B6-in 

TW201 through TW207 same location as T W l O l  through TW207 
only for the  hydrocarbon 
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Appendix B 

Heater T e s t  Raw Data 

Nomenclature 

C3 - composition of propane 
N-C4 - composition of n-butane 
I-C4 - composition of isobutane 
N-C5 - composition of n-pentane 
I-C5 - composition of isopentane 

PI101 Brine pressure 

BR Brine 
HC Hydrocarbon 
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ISOBUTANE HEATER TEST DATA 
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HEATER T E ~ T  cPfa RUP HQ-I COTE 1 4 - 3 C f - 9 6  T I R L  O 7 - O C  

NUM Of LXCF#NGEPS=€ 

HECTER TEST CPTA R C P  W R - 1  OATE 14-3Cf -80  T I P €  f t -1% 

H E A T E R  TEST O P f k  RCh t f R - I  C P T E  14-3Cf -60  T X P t  Gf-3C 

. 
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HEATER TEST DATA W A  kTR-1 oarE  i e - o c f & ~ ~  T ~ H L  07-45 

NUM CF EXCFlNGERSt6 

HLATER TEST CAfd RG'b P f R - 1  CbTE 14-OCT-BO T f W  08-00 

N U M  CF EXCPLNGERS=O 

c NUH OF kXCHCNC€GS=€ 

P I 2 0 4  
P I 2 0 4  
PI204 
P I 2  0 4  
P I 2 6 4  
P12G4 
P f2G4 

hd 



Nut4 C f  L X C ~ L N C E R S = ~  

NUM CF LXCPCNCERS=€ 
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HEATER TEST OATA RCh VTR-2 C l T E  l s = O C f - B C  T I M  10-31: 

NUH Of U C k I N G E R S t 6  

HEATER TEST OPTA FiCh b f R - 2  C A W  I ~ - O C T = B O  TIHt 10-45 

NUN CF EXCF#NCEFSt€ 
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HEATER t k f f  O b f A  6 t h  FfH-2  CAT€ ' 1 4 - 0 C T - B t  T I M  11-25 

HEATER TEST O P l f A  RCh WTR-; CAT€ 14-OCT-dI  T I N €  l i - 3 E  

~ 1 2 0 4  
P I 2 8 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
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W 

* 

. 

ti 

, 

NUM OF EBCPCNGERSt4 

HEATER TEST EATd RkF bfR-3 . BOfF l f - O C f - 8 C  T I H L  12-32 

C3 O C L E  C / f ) =  0 6 0  h ' - C l r = i ~ ! €  f -C4=96084 N=C5=0. I-CS= 00 

NUH CF EXCCCNGEAS=4 

ER FLOH FATE 
PC FLCW P.ATE 

TWl O1=2490 0 
TW102=2930€ 
TW103=31€0 I 
TW i 0 4 ~ 3 3 2  0 f 

' TWiO€=33008 
fw 1 0 ?= 3 3 9 0 a 
T W S O ~ = ~ ~ ~ . I I  

f W Z C l = l t 8 o l  4 C E G - f )  
f H 2C 2=2 €9  a 4  
TW2G3=2$8r4 
Tbi2(4=32205 
t u  2 c 5 = 3 3 4  04 
TH 2 C 62 3 3  S 4 
TW2C7=33€0€ 



NUM CF EXCbLHCEfS=4 

HEATER TEST O P T E  RUA Ffi7l-t C A T €  1 S - O C T - S O  TIP€ 13-Of 

c 
. 
L 
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HEATER TEST O ~ T A  F;U t w - 5  COTE l f i -OCf-bC T f M t  l O = O C  

b, NUH O f  fXCI=tHGEFS=€ 

HEATER TEST DATA RCh V f R - 5  DOTE 15-0Ct-!!& T I M  16-15 

NUM OF tXCP/NGEPS=E 

HEATER TEZY o a t a  RUE. PTR-:. OPTE 1 5 - O C t - 8 C  T I M .  16-3C 

NUM OF LXCPtHGERS=E 

P I 1 0 8  

P f l o e  

P I 2 0 4  
Pf2G4 
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
PI204 
P I 2 Q 4  

priae 
3F? FCCH RATE 
FC fLOH QATE 

TH i o  i t 2  07 0 7 
TW 1 0  2 t 2  4€ 0 4 
TW103=26703 
TU 104~2f 9 a 3 
THIO 51290 2 
TW10€=30 70  8 
TWl O f =  33 9. € 
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HEATER TEST Dbfl:  6 t h  )If!?-5 C4TE 1 5 - O C T - 8 C  TIHE l t5-45 

C3 (YCLE C / C ) =  . 6 [  E ; - C r 4 = 2 0 f O  I=C4=96064 N-CS=O. I-CS= a .  

NUM CF EXCHLNCERS=E 

P I  2 C4 

P I 2  c4 
P I 2 0 4  
PI204 
P I 2 C 4  
P I 2 0 4  

PIZW 

NUH GF EXCFCNCEPS=E 

M A T E R  TEST CPTA F L h  b y R - 5  C A T €  15-0Cf-80 T I M  17-25 

NUH CF &XCPLNEEFS=f 

i 



NUN O f  EXCtLNGEFS=€ 
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HEATER TEST DATA F L h  FTR-6 CAT€ l € - O C T - B G  T I H E  Ct-45 

NUM C f  EXCt'CNtERS=f 

NUM O f  kX CVLNGEFS=E . 
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HEATLR f E f T  O A f A  Rkh W6-6  ObfE l € - O C t - B C  T I F t  f8-3C 

HEATER TEST OhTA RUk kTR-E OATE IO-OCT-sc TIM oe-4: 

? m i 4  
 PI^ 
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
PI204 
P I 2 4 4  

w 



NUN OF EXCkCNCEkS=E 

P I 2 G 4  
PI204 
P f 2 t 4  
P I 2 0 4  
PI2 0 4  
P I 2 C 4  
P I 2 0 4  

HEATER TEST D P T A  R L F  I-fP-7 C a T E  16-OCT-9C T I P E  10-45 

NUM Of  EXCFCNCEES=E 



P I 2 0 4  

Pl2C4  
P i 2 0 4  
P I 2 0 4  
P I 2 0 4  

* P I 2 0 4  

~ 1 2 0 4  
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HEA'TLfi TEST ChTA FUF ktR-7 t 4 f E  1 6 - 3 C f - e C  T I M  11-45 

C 3  ( P C L E  C f C ) =  0 6 0  K - C 4 = i o ! €  ToC4=96.34 NoC5=00 foCS= 0.  

NUP! cc E X C P L N C f t S = E  

P I 1 0 8  
P I 1 0 0  
PZ100  

P I 2 0 4  
P I 2 G 4  
P f 2 0 4  

QI2G4 
P I 2 0 4  
P12C4 

P X G ~  

NU H OF E X C t 1 N GE k S =€ 



bd 

U 

NUH OF LXCHCNEEF;S=~ 



c 

NUM OF E.XCPCNEERS=h 



u 

t 

-157- 

HEATER TEST DPTA fiCh FfR-6 CAT€ i€-OC*T'*BG T I M  14-3C 

NUH CC L%C+LNCERS=E 

HEATER TEST CATA RCh WTR-8 CbTE I € - D C t = B G  T f Y t  14-45 

NUM CF EXCPCNGERS=E 



. -158- 

HEAILR TE13  O A T A  6 t h  ktR-5 DATE 16-3Cf~BG TIM 25-45 

NUN O F  EXCPLNCERS=4 

HEATER TEST DPTA kL'h I-TR-S O A T €  10-3Cf-6C T I M  16-3C 

NUH CF E > C k L N t E Z S = 4  

. 

h 

c 



-159- 

HEATER TEST C P f P  FrCL W R * l O  CPT'E 1 6 - 3 C T ~ 8 f  f 2 Y L  17-3C 

NUH GF L X W L N E R S = E  

HEATER fES7 EbTA 6C;I PTR-JG CPfE 16-OCT-86 T I V L  i f - 4 5  



9=Si!33N3IilX3 30 WnN 



-161- . . .  

i 

HEATER TEST CATA lit'b PTR-11 CATE 20 -0Ct -80  TIBE G8-45 

NUM OF EXfk€NCERS=E 

NUFI OF E X C ) r t N E E R S = O  



-162- 

HEATER TEST CATP RL‘h P T R - 1 1  C P T f  20-OCT-BO T I W E  09-15 

NUM CF EXCPLRCERS=E 

HEATER TEST O A T A  kUh P f R - I 1  CATE 20-3Cf-dC T I P €  (iB-4F 

N U M  CF E%CJ-LNCEEP=E 

P I 2 0 4  
PI264 
P I 2 0 4  
P I 2 0 4  
P I 2 C 4  
P I 2 0 4  
m a 4  



-163- 

HEATER TEST DhfA Huh P f R - 1 1  GATE 20-OCf-0C T I P &  10-5C 

W 
NUH OF EXCHLNCERS=6 



-164- 

HEATER T t S f  .EbTA GCA FTR-12 CllTE 2000Cf=&C TIN 11-45  

TW101=212m 7 T Y  2 t 1=14€. 2 ( C E  6-F) 
fWi02=252a 4 T W 202=22 e a 0 
TH 1 O3=2 7 1 a (f fH2C3=259m2 
TWl04=2R la5  f W  2C4~273 .4  
T W l  G5= 29 2 a e TH2C5=2?!2.1 

TW2C€=294*8 TW i 0 6= 3 22 a € 
TWlO7=345af T H  2G7=330 a2 

HEATER TEST CAT'A RL'F t-T'R-12 CPTE 20-3C1-8G T I P E  12-OC 

NUM OF EXCbCNCERS=6 

HEAt fF i  TEST OETA RCA F f E - 1 2  ObfE  20-0CT-8C T f M  12-15 

NUM CF t#CCLNCEPO=6 

/-- 

Id 



-165- 

b) NUM OF EXCPLNC€RS=6 

91204 
P I 2 6 4  
P I 2 0 4  
P12a4 
P I 2 0 4  
P12G4 
P I 2 0 4  



-166- 

HEATEQ TEST OPTA R l h  t fR-13 C4TE 20-OCT-90 T I V L  14-45 

HEATER TEST GPTA Fi lh P t k - 1 3  OdTE 20-OCT-80 T I M  15-0E 

NUM CF E%CHLNCERS=6 

HEATER TEST O O f A  RLP W R - 1 3  OATE 20 -OCf -8C T I P t  15-15 

NUM Of EXCPfKGERS& 



-167- 

Ld 

. .  
NUR OF EXCPtNCEFS=€ 

W 



HEATER TEST 0414 RCh k fR- t3  C b f E  20 -0Cf -80  T I M C  16-3C 



NUM OF €XCHLNEERS=€ 



. "  

HEATLP, TLST O f r f A  l i t h  kTq-16 O A T €  17-NOV-90 T I M  03-3C 

NUM CF tXCI=LNCERS=b 



brd 

HEATER TEST O A f b  RL'h l-?R-l6 CFTE 17-NOV-80 T I M &  G9-3ti 

NUM OF E X C H C N C f R S t 4  

. 



-972- 

* 



-173- 

i 

? 

. t .  

f 

/10 HEATER DATA 

, .  

_ , .  . .  . . .  ~ * .  * . .. .- . . . .  

. 3 .  : , . I  

i 
i 
j 



. 

N U M  CF EXCPCNEERSt4 

D P f E  19-NOV-30 T I H t  10-14 

f W 1 O  i t 2 0  10 2 TNZCl=120r2 (CEG-F)  
f W t 0 2 = 2 5 6 0 7  t k'2& 2= 2 2b 02 
fU103=26?08  TWZCZ=Z€7.3 
TU1 0 4t 3 1  1 0  1 TU Z C  4 ~ 2 9 2 . 7  
TW 1 0  5= 3C5 t? TU 2 C 5= 212.2 
TWIO fit300 a 7 T U r " C € = J O @ r O  
f W % 0 7 = 3 1 C 0 4  T H Z t 7 ~ 3 0 4 . 5  



-175- 



-176- 

HEATER TEST DATA Rfi W5=17 C A E  19-NOV-8C TIM€. 11-3C 

HEATER TEST OAT4 R U A  FYR-17 C4TE 19-NOV-8C; TIHL 11-45 

NUH CF EXCHLNCEFSrE 



. 

-177- 

HEATER TEST DATA Rlih P f R - l t !  C A f E  19-NOV-80 T I M  13-12 

HEPTLP TEST CATA RUh t-TR-16 O A T €  19-NOW-BO T I W t  1 3 - C S  

C3 (PCLE C / C ) =  a 5 4  t i -CQ=E. IG  I-C4=e6.97 N-C5= a 4 8  X-C5= 9 0 7 1  

NUM C F  EXCPCNCEFS=€ 



NUH CF tXCPLNEEFS=€ 

NUM OF EXCFLNCEPS=€ 

. 



(PSIA 1 eR FLCW R A T E  
E'C FLOW 2ATE 

T H l O l t 2 2 0 . E  
TW 1O2=2fO 0 6 
TWiO3=289. € 
TW104=3080& 
TU1 0 5 ~ 3 1 7 0  2 
TWlO €23 3 6 rn C 
TWlO7=34107 



-180- 

HEATER T t S T  O E f h  RCh fiTR-20 COTE 20-NOV-80 T I F L  01-45 

HEATER TEST DATA l i t h  kfR- iO DATE 20-NOV-90 T I M €  C B - O C  

NUM OF k X C t - L N W ? S = €  

. 
t 



HEATLR TEST. O P T A  R C h  b t R - 2 1  CATE 20-NO.V-19G 



-182- 

HEATER TEST O P T b  RCh k7R-21 OPT€ 20-NOV-BC TIHt E9-45 

Pf2Oc 
* I 2 0 4  
e 1 2 t 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  

HEATER TEST OPTA R t h  VTq-21  COTE 20-NOV-BO T I M  10-OC 

P12G4 
P I 2 0 4  
P I 2 0 4  
Pf2C4 
P I 2 0 4  
PI204 
PI2G4 

HEATtR TES? UPTA Gclh t-TR-21 OPT€ 2G-NOV-BC T I M  16-15 

NUH CF E X C h t N C X R E t S  V 



W 

-183- 

HEATER TEST CATA Rt'h PfR-22 CPTE 2 0 - N b V ~ 6 6  T I N  11-00 

HEATlER TEST DATA CiUh HfR-22 OdfE 20-NOV-9G T I M  11-15 

C3 (PCLE~CIC)= a 5 4  h 0 C 4 = Z o ? O  f-C4=86097 N 4 5 =  048 I-C5= 9 a 7 i  

NUM O f  CXCFLNCERS=S 



- .  
-184- 

HEATER TEST UllTA RLh P f R - Z Z  CPTE 20-NOV-BC TI?'€ 11-45  ' 

NUH OF EXCbLNCER.S=5 

HEATER TEST O P T A  W h  HTR-ZZ CPTE 20-NOV-80 T I P €  12-00 I 

HEATEP TEST C A T A  6 t h  +TR-23 CPTE 2 0 - N O V - B C  YIPE, 12-3t  

NUH Cf  LXCkLNtEFS=C 





NUM CF E.XCttLNCEFS=€ 



m.187- 

HEATER TEST .OATA f;Uh FTR-24 CAT€ 20-NOV-BC TIM. 15-i5 

NUH OF LXChLNCERSr5 



~188- 

HEATER TEST CllTA 6 t h  I-.fie-25 C A E  21-NOV-60 TfHL G7-45 

HEATER TEST EATA l i t h  hTR-25 DATE 21-NOV-80 T f H t  C6-3t  

NUM OF EXCPCNCERSrS 

NUM Cf EXCPLblEERE=S 



3 



HEATER TEST DATA R!F PfR-254  CAT€ 1-OEC-84 TTHL 13-0C 

NUM OF EXCtlENCERS=€ 

HEATER TEST DPTA IILh F t 4 - 2 5 4  GPTE 1-DEC-86 T I M L  1 3 - l e  



L 

W 



NUY OF EXCkCt6GERSrS 



W 
NUH OF EXCHLNG€ES=S 

P I 1 0 8  
e1108 
PIlQ8 

PftOrc 
P I 2 0 4  
P I 2 0 4  
P f 2 0 4  
PI204 
P I 2 0 4  
Pf204  



-194- 

HEAf€R TEST OdTA RCP HTR-27 GATE I*OEC-BO ?I?% 15-45 

C3 (FGLE C i ' C ) =  0 4 7  K-C4=20(;0 I-C4=750?7 N-CS=l.CZ I-C5=;0074 

NUN O f  €XC?-PNW?S=4 

. 



-195- 

HEATER TEST OdtA RUA PTR-28 04TE 2-DEC-BO TIM. C t - O O  

NUH CF EXCPLNG€RS=€ 

c 

hs 



-196- 

HEATER TEST OdTA RUF; W R - 2 6  DdTE 2-OEC-80 T I M  Cf-45 

NUH Of EXCPCNCERS=6 

P I 2 0 4  
Pf 2 04 
9 1 2 0 4  

P I 2 0 4  
e1204 

P r  2 a4 

 PI^ 

NUM OF EXCYLNCERS=E 

c 



NUH OF EYCHPNGERS4 



. -19s- 

HEATER TEST O A T &  R f h  HTR-29 CCITE 2-DEC-80 T I H E  09-45 

c 

HEATER TEST OETA IXh t T Q - 2 9  DhTE 2-OEC-BO TIM& 10-15 



-199- 

HEATER TEST DATA F&h FfR-30 Cb'fE 2-OEC-80 T I P €  1 1 - 1 5  

NUW GF EXC):LNERS=E 

T H 2 € 1 = 1 3 6 e 9  (C€G- f )  

T W 26 3 ~ 2 4 4  1 
TI4 Z C  4=2 €7.0 
TYEfS=2e3.1 
TW2C6=29€m1 . 

T H 2(l?*3 07 (i 0' 

f Y i C 2 r2  0 4 a.7 



HEATER TEST DATA Et.h PfQ-3Ci GATE 2-DEC-80 TIM 12-15 

HEdTER TEST OIITA W h  I-TR-30 CAT€ 2-DEC-IIU f I H E  12-3t  

NUM OF E X C P ~ N C f R S t O  

f 

ii 

. 

c 



t4 

a 

C 

LJ 



-202- 

HEATER TEST OAT4 R t h  PTR-ZI  ObTE 2-DEC-80 T I N €  14-OC 

HEAtER TEST O&TA R t h  FT'P-31 GPTE 2-OEC-BO T I M  14-15 

HUM OF EXCt!ONCERS=€ 

HEATER TEST OBTk RL'C k t R - 3 1  C b f E  2-DfC-eO TXPE 14-3C 

NUM CF EXCFCNEEPSrE 



-203- 

W 

. 

& 

W 

HEATER TEST CATA RCh WF!-32' CPTE 3-DEC-90 'TIP€ G7-OO 

C3 (PCLE C / C ) =  e 4 7  N - C 4 = E O C O  I-C4=75.?7 H - C S = l o O f  I-C5=20.74 



-204- 

HEhTER TEST C4TA liCI ETP-32 DOTE 3-DEC-80 . TIM 07-45 

FC FLOIQ RATE ( L B i / t R ) =  55877.7 

NUY CF EXCFLNCEFS=€ 



-205- 

HEATER T€ST DATA RUL PfR-33 O A T €  3-DEC-88 TXME 09-OE 



NUN CF LXCkPNEERS=€ 

HEATER TEST DATA RUA kf?-33 GATE 3-DEC-SO T f W  1 4 - 0 t  



-207- 
HEAfER TEST UPTA RCR H f R - 3 4  CAT€ 3-OEC-94 TXMC 10-4E 

NUM OF EXCPCNGEQS=G 
1 



W A T E R  TEST OPTA W h  kTR-34 CdfE 3-DEC-811 TIME 11-45 

NUH Of EXCHLNGERS=€ 

HEATER TEST OPTA F t h  W R - 3 4  GafE 3-DEC-90 7IML 12-OC 

P 



W 

HEATER T E S T  OPT4 GUL H t R - 3 1  DATE 3-DEC-80 TIME 12-45 

NUM Cf EXWCNGEES=E 

ti 



-210- 

HEATER TEST O A T A  6 t h  FfS-35 C P t E  3-DEC-80 T I P L  13-15 

PI204 
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  
P I 2 0 4  

P I 2 0 4  
~ 1 2 0 4  



NUW QC EXC+CNEERS=f 

4 NUP CF EXCt-CNEEPStE 



-212- 

HEATER TEST OAT4 R C h  FfS=3€ CITE 3-OEC180 T I n E  1 5 1 5  

HEATEP TEST DATA RUh PTR-36 CAT€ 3-DEC-BO t f Y t  15-30 

C3 (POLE C / C ) =  .47 h'-C4=2.C0 I-C4=75*7? 1(;-C5=loOi I-C5=20.74 

NUPl Cf EXCPCNGEPStf 

HEATER TEST O A T A  6 t h  P T R - 3 6  CblE 3-DEC-BO f f Y f  1 5 - 4 3  

~ U I O l = 2 0 0 . €  f w 2 t l = 1 3 5 . 5  (CE't-F) 
TWl02r253.0 f w i C 2 = 2 2 0 . 8  
TU 1 0  3=2 7 8 0 fHZG3=2€000  

TW l a  5=30 4 0 4 r w 2 i 5 = 2 9 4 0 5  . 

TWIO6=3lRo 0 tW2C6=3 C5. 0 
1 w 1 0  T t  344 0 4 f W  2 c  7=31€ 00 

f W i 0 4 = 2 3 2 o B  tu 2 ~ 4 = 2 e i . t  



-213- 

W 

Nomenclature 

Appendix C 

Condenser T e s t  Raw Data 

C3 - canposition of propane 
N-C4 - canposition of n-butane 
1-C4 - canposition of isobutane 
N-C5 - composition of n-pentane 
1-C5 - canposition of isopentane 

cw 
HC 

P-COND 

TW2 09 
TW210 

PI305 
PI306 

TW305 
TW3 06 

Cooling water 
Hydrocarbon 

Condenser hydrocarbon pressure 

Hydrocarbon temperature entering condenser 
Hydrocarbon temperature ex i t ing  condenser 

Cooling water pressure entering condenser 
Cooling water pressure exi t ing condenser 

Cooling water temperature entering condenser 
Cooling water temperature ex i t ing  the condenser 





, 

I -  .. . ' 

. ..'*.I.. 

-215- 

I .  . . .  , . . '  

, . .  

Isobutane Condenser Test Data 
I '  

7 





-217- 

CONCEhSER OLTA RUh CClrO-SC CAT€ 21-MAR-61 T I M E  1 3 - 1 5  





W 

-219- 

COWCENSER C C T O  RUR C C h O - 5 1  EATE 21-HAR-81 T I H E  15-45 







-222- 

CONCENSER CLTb RUh CChD-52 C A T €  22-FAR-81 TIRE 12-45 

CONCEEISE'li C C T A  RL'K C C F D - 5 2  CAT€. 22-MAR-81 TSHE 1 3 - 1 5  

CONCENSER CLTd FUN CCh0-52 C A t F  22-MPR-81 TfMc 13-30 



-223- 

CONCENSER C f l d  RUh GCbO-52 CAT€ 22-MAR-81 t X M E  13-45 

CONCENIER CLTP RUN CCFO-53 C A t E  22-MAR081 T I R E  13-45 

C 3  (PCLE C 0 C ) f  a 3 Z  hcC4g3.28 I=C4=96039 N 4 l =  60  foCS= 0 0  



t 

CONCENSER C L T l l  FUk CCh0-54 C E T E  23-!!4R-81 T I N €  C8-00 



-225- 

CONCENSEG CLTd RU)I CCkO-54 C A l f  23-MAR-81 T I H E  6 8 - 1 5  





CQh4CEIUIEE C L f P  6 U h  CCF.O-5E CATF 23-Y4P.-91 22 -70  



CONCEASER C L T P  RUk CONO-56 CATE 23-P&R-B1 T I H E  13-15 

t 



-229- 

. .  

r 

NOMINAL 90 ONDENSER TEST DATA 



CgNCENSER C L T A  R U h  CChD-57 DATE 24-MAR-81 TIWE 69-15 



-231- 

CONCENSER CITA R U ~  t c ~ 0 - 5 7  OATE 24- .na~=s i  TIHE i o - c o  

w 

CONOEfiS€R CCTA RUh: COhO-58 CATE 24-M4R-81 T f H E  ll-i5 



-232- 

COtuCENIEf; C L T A  Ruth CChO-5E C A W  24-H9R-81 T I Y E  31-4s 





. -234- 
CONCENSER C L T E  RUh CChO-59 CAT€ 2 4 - M R - 8 1  T f M E  14-30 



CONCENSER C L T A  Alih C C h O - 6 1  C E t E  25-MAR081 TIME &?a30 





-237- 

CONCENSER O C T P  EUtJ CChD-61 ' OCITE 25-MAR-81 T I M €  i i - 8 0  



-238- 

CONCENSER C L l L l  R U t i  CChD-€2 C b f E  2544R-81 TIME 22-15 

CCNCEhSEk O L T A  R l j N  CChD-62 C A T €  2 5 H 4 R - 8 1  T I M €  12-30 



' -239- 



, 

. 



-241- 

U 

NOMINAL 80/20 HEATER DATA 



-242- 
C O N C E N S E R  C C f P  RUE; C C K O - 6 4  DATE 27-MPR-81 TIWE 10-00 



-243- 

CONEENELR IICTb RUK- COhO-lEG OAT€ 27-HAR-BI fI*E 11-25 





-245- 



i 
-246- 

CONCENSER CCTG RUN CCbD-66 C l f E  27-HPR-81 T I Y E  16-00 

f 

CONCENSER C L f b  FUh CChD-E€ CAT€ 27-!?4R-BI T IYE 16 -25  

CONCERSER C E T G  f U h  CbhO-66 O A t f  2?=HAR-81 T f P E  1E-30  

CONCEhfER C I T E  F U N  CChO-67 C A T €  28-PAQ-81 TIWE G7-00 



-247- 

CCNCEHIER OllT(l FUR CCh'D-fi? C A T €  28-MAR-31 TIHE C7-15 



, 

-248- 

c 

CONCfhSER C L f A  RUP C0E.D-68 CATF 28-?44R-81 T I M E  C9-45 

CONtE&SER C L t P  GWh CChC-60 C A T €  28-PAR-Rl f1WF l l - i F  



-249- 

c 

I 

W 



CONCENSER C L T E  fUh' CCh0-69 CAT€ 28-PAR-81 TTHf 1 4 - 1 5  



-251- 

CONCENSER CLTLI RUh C66D-63 CAVE 28-MAR-81 T I H E  14-46 

CONCENIEE C L T A  EUR CCh'D-tC C A E  29-HAR-81 TIME G8-30 

CONCEffSER O L T A  RUN COhO-?G GATE 29-HhR-81 T I M €  E8-45 

P-CCbO (FSXL )=2O€ 07 
TW2 09 (CEC-F It210 0 4 t W 2 1 U = l S O o Z  



F 

c 

CONC€kSEF C L T P  GUh CChC-70 O A T €  29-PI4R-81 T f V E  10-20  



k, 

d 

J 

E 

3 

td 

P-CCNO ( P S I #  1 =204 04 
TU209 (OEE-f)=252r4 TU2 1 Orl89. ? 



-254- 

CCNCENIEG C L f F  RUPI CCKO-71 C E f E  29-MU-81 T I N F  21-30 I 

CONCENSER C t f O  R U N  CChO-71 C A T f  29-MPR-81 TINE. l 2 o C O  




