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ABSTRACT

The purpose of this study is to evaluate the application of
heat pump systems to a distillation train. A heat pump removes
energy from a low temperature source and provides energy at a higher
temperature through the addition of compressor work. A Rankine cycle
heat pump consists of an evaporator, condenser, throttling device,
trim-cooler, innercooler, and a working fluid.

The economic feasibility of a heat pump system is affected by
five major variables. The heat pump system is favored by high
reboiler heat duties as the benefits grow faster than the costs of
the heat pump system. The heat pump system is favored by heat duty
ratios, condenser heat duty to reboiler heat duty, near the no trim-
exchanger point. Increases in condenser temperature bring a slight
reduction in the required utility ratios above the no trim-exchanger
heat duty ratio point and a slight increase below it. The heat pump
system is favored by low temperature differences.

The utility ratio (natural gas to electricity on a $/million
BTU basis) was used as a measure of economic performance. A required
utility ratio was determined and compared to the actual utility ratio.
If the actual utility ratio in effect or projected is higher then the
heat pump is favored.

For a specific case analysis, an example column was chosen and
several options were considered. These options were compared to a con-

ventional reboiler and condenser system on the basis of the additional
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investment required and the return on that investment. The example

column was an extractive distillation column used in an ethanol water
separation distillation train.

0f the options considered, the use of the column overhead
fluid as the heat pump working fluid was the most promising. It
resulted in a favorable return on investment of 44 percent. The use
of a steam driven compressor showed promise, but failed to achieve

a favorable return on investment.



TABLE OF CONTENTS

CHAPTER

I.
IT.
[II.
Iv.

VI.
VII.
VIII.
IX.

X.
XI.

XIT.

BASIC HEAT PUMP . . . . . . . v v v v v v v v v v v e e
WORKING FLUIDS . . . . v v v v v v v v v v v h e e e e e
COMPRESSORS v . v v v v v vt v e v e e e d e e e e e e
HEAT EXCHANGERS . . . « « v v v v v v v vt v v e e e e
THROTTLING DEVICES . . . . . . . v v v v v v v v v o o v
APPLICATION TO DISTILLATION . . . . . . « v v v v v v . .
ANALYSIS METHODOLOGY . . . . . . « v v v v v v v v o v .

Introduction . . . . . . . . . . L 000 0w e e e e
Feasibility Guidelines . . . . . . . . . « ¢« « « .+ « o .
Process Fluid Heat Transfer Coefficients . . . . . . .
Physical Properties of Heat Pump Fluids . . . . . . .
Utility Consumption . . . . . . . . . o« o v o o ..
Equipment Size and Costs . . . . . . . « .« . . . o ..
Economic Parameters . . . . . ¢« ¢ ¢ ¢« 4 o v 4 e v .
Optimization of the Heat Pump System . . . . . . . ..
Overall Heat Transfer Coefficient . . . . . . . . ..
Variables Investigated . . . . . . . . . . . . . ...
Specific Case Analysis . . . . ¢ « ¢ v ¢ v v v v v v v
Process Fluids . . . . . « & ¢ v v v« o v e e e
Film Heat Transfer Coefficients . . . . . . . . . ..
Options . . . . . . . 0 e e e e e e e e e e e e
Economic Parameters . . . . . . . .+ .+« o o o 4o

FEASIBILITY GUIDELINES . . . . . . . .« o o v o o o o ..
SPECIFIC CASE ANALYSIS . . . . v v v v v v v o v v oo o

Qualitative . . . . ¢ v ¢ v i i e e e e e e e e e e e
Quantitative . . . . . . . L L L0 0 oo e e e e e e

CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . « .

vi






TABLE

10.

11.

12.

13.

14.

15.

LIST OF TABLES

Equipment Specifications for the Conventional and Heat

Pump Systems Using R-114 and an Electric Compressor . . . .

Purchased Equipment Cost for the Conventional Heat

Pump Systems Using R-114 and an Electric Compressor . . . .

Capital Investment for the Conventional System and
Heat Pump System Using R-114 and Electric Compressor

Heat Pump System Using R-114 and Electric Compressor
Discounted Cash Flow with 1986 TVA Low Load Forecast

Heat Pump System Using R-114 and Electric Compressor

Discounted Cash Flow with 1986 TVA Medium Load Forecast . .

Heat Pump System Using R-114 and Electric Compressor

Discounted Cash Flow with 1986 TVA High Load Forecast . . .

Equipment Specifications for the Conventional and Heat

Pump Systems Using R-113 and an Electric Compressor . . . .

Purchased Equipment Cost for the Conventional and Heat

Pump Systems Using R-113 and an Electric Compressor . . . .

Capital Investment for the Conventional System and
Heat Pump System Using R-113 and Electric Compressor

Heat Pump System Using R-113 and Electric Compressor
Discounted Cash Flow with 1986 TVA Low Load Forecast

Heat Pump System Using R-113 and Electric Compressor

Discounted Cash Flow with 1986 TVA Medium Load Forecast . .

Heat Pump System Using R-113 and Electric Compressor

Discounted Cash Flow with 1986 TVA High Load Forecast . . .

Equipment Specifications for the Conventional and Heat

Pump Systems Using R-114 and a Steam Compressor . . . . .

Purchased Equipment Cost for the Conventional Heat Pump

Systems Using R-114 and a Steam Compressor . . . . . . .

Capital Investment for the Conventional System and Heat

Pump System Using R-114 and a Steam Compressor . . . . .

viii

PAGE

114

114

115

116

117

118

119

119

120

121

122

123



TABLE
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Heat Pump System Using R-114 and Steam Compressor
Discounted Cash Flow with 1986 TVA Low Load Forecast

Heat Pump System Using R-114 and Steam Compressor

Discounted Cash .Flow with 1986 TVA Medium Load Forecast . .

Heat Pump System Using R-114 and Steam Compressor

Discounted Cash Flow with 1986 TVA High Load Forecast . . .

Equipment Specifications for the Conventional and Heat

Pump Systems Using R-113 and a Steam Compressor . . . . .

Purchased Equipment Cost for the Conventional and Heat

Pump Systems Using R-113 and a Steam Compressor . . . . .

Capital Investment for the Conventional System and Heat

Pump System Using R-113 and a Steam Compressor . . . . .

Heat Pump System Using R-113 and Steam Compressor
Discounted Cash Flow with 1986 TVA Low Load Forecast

Heat Pump System Using R-113 and Steam Compressor

Discounted Cash Flow with 1986 TVA Medium Load Forecast . .

Heat Pump System Using R-113 and Steam Compressor

Discounted Cash Flow with 1986 TVA High Load Forecast . . .

Equipment Specifications for the Conventional and Heat
Pump Systems Using Overhead Fluid and an Electric

Compressor . . v v i e e e e e e e e e e e e e e e e

Purchased Equipment Cost for the Conventional and Heat
Pump Systems Using Overhead Fluid and an Electric

Compressor . . v vt e e e e e e e e e e e e e e e

Capital Investment for the Conventional System and Heat
Pump System Using Overhead Fluid and Electric

Compressor . . v v v i e e e e e e e e e e e e e e e

Heat Pump System Using Overhead Fluid and Electric
Compressor Discounted Cash Flow with 1986 TVA Low Load

Forecast . . . . & . . . e e e e e e e e e e e e e

Heat Pump System Using Overhead Fluid and Electric
Compressor Discounted Cash Flow with 1986 TVA Medium

Load Forecast . . . . &« v v v e e e e e e e e e e e

ix

PAGE

126

127

128

129

129

130

131

132

133




30.

31.

32.

33.

34.

35.

36.

37.

Heat Pump System Using Overhead Fluid and Electric
Compressor Discounted Cash Flow with 1986 TVA High
Load Forecast . . . . . . .« . . v i i e e e e e e e

Equipmént Specifications for the Conventional and Heat
Pump Systems Using Overhead Fluid and a Steam
Compressor . . . v i i e e e e e e e e e e e e e e e e

Purchased Equipment Cost for the Conventional and Heat
Pump Systems Using Overhead Fluid and a Steam
Compressor . . . v v v e e e e e e e e e e e e e e e

Capital Investment for the Conventional System and Heat
Pump System Using Overhead Fluid and a Steam
Compressor . . v . v i e e e e e e e e e e e e e e e

Heat Pump System Using Overhead Fluid and Steam
Compressor Discounted Cash Flow with 1986 TVA Low Load
Forecast . . & & & i i i e e e e e e e e e e e e e e e

Heat Pump System Using Overhead Fluid and Steam
Compressor Discounted Cash Flow with 1986 TVA Medium
Load Forecast . . . . . . . ¢ . . . o .o e e e e e

Heat Pump System Using Overhead Fluid and Steam
Compressor Discounted Cash Flow with 1986 TVA High
Load Forecast . . . . . . . ¢ . . . 00 s e e e e .




LIST OF FIGURES

FIGURE PAGE
1. Schematic Drawing of a Heat Pump . . . . . . . . . . . .. 4
2. The Ideal Rankine Cycle . . . v v v v v v v v v v v v e v . 5
3. Refrigerant in the Heat Pump Different from the

Column Fluid . . . .« « . v v v v s s e e e e e e e e 28
4, Column Overhead as Refrigerant in Heat Pump . . . . . . . . 29
5. Column Bottoms as Refrigerant in Heat Pump . . . . . . . . 30
6. Heat Pump System Utilizing Temperature Reservoirs . . . . . 31
7. Outline for Heat Pump Model . . . . . . . . . . .. . ... 44
8. Industrial Electric Rates vs. Year TVA Load Forecast

for 1986 . . . . . . . e e e e e e e e e e e e 51
9. Industrial Utility Ratio vs. Year TVA Load Forecast

for 1986 . . . . . . . o e e e e e e e e e e 52
10. Determination of Vapor-Liquid Composition . . . . . . . .. 62
11. Example Graph . . . . . . « . v v v v v e v v e e e e 65

12. Reboiler Heat Duty vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and T = 560 R; ER = 1986 Low
TVA Load Forecast . . . . . & v v v v v v 0 v e e e e e 66

13. Reboiler Heat Duty vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and T = 560 R; ER = 1986 Medium
TVA Load Forecast . . . . . « . ¢ . v ¢ v v v e e e e 67

14. Reboiler Heat Duty vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and T = 560 R; ER = 1986 High
TVA Load Forecast . . . . . . « ¢ « v v v v v v v e v e e 68

15. Reboiler Heat Duty vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and T = 610 R; ER = 1986 Low
TVA Load Forecast . . . . . . . « v v v v v v v v v e e 69

16. Reboiler Heat Duty vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and T = 610 R; ER = 1986 Medium
TVA Load Forecast . . . . & ¢ v v v v v v v v v v e e e e 70



X1
FIGURE PAGE

17. Reboiler Heat Duty vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and T = 610 R; ER = 1986 High
TVA Load Forecast . . . « & v v v v v v v v v e e e e e e 71

18. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000
BTU/hr; ER = 1986 Low TVA Load Forecast . . . . . . . . . . 72

19. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000,000
BTU/hr; ER = 1986 Low TVA Load Forecast . . . . . . . . .. 73

20. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000
BTU/hr; ER = 1986 Medium TVA Load Forecast . . . . . . .. 74

21. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000,000
BTU/hr; ER = 1986 Medium TVA Load Forecast . . . . . . .. 75

22. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000
BTU/hr; ER = 1986 High TVA Load Forecast . . . . . . . .. 76

23. Heat Duty Ratio vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000,000
BTU/hr; ER = 1986 High TVA Load Forecast . . . . . . . .. 77

24. Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, OT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 Low TVA Load Forecast . . . . . . . . . . 78

25. Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 Low TVA Load Forecast . . . . . . . . . . 79

26. Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 Medium TVA Load Forecast . . . . . . .. 80

27. Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 Medium TVA Load Forecast . . . . . . .. 81

28. Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 High TVA Load Forecast . . . . . . . .. 82



FIGURE
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Heat Duty Ratio vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 High TVA Load Forecast . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . e e e

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . . .. . ..

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . . .« ..

Condenser Temperature vs., Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1086 Medium TVA Load Forecast . . . . . . . . . . ..

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . . . . . ..

Xiii

PAGE



FIGURE
41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

Xiv
PAGE

Condenser Temperature vs. Utility Ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . . . . . .. 95

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . . . .. 96

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . .. .. 97

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . .. 98

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . .. 99

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . .. . . .. 100

Temperature Difference vs. Utility Ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . . . . . « .. 101

Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . .« « « . . 102

Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Low TVA Load Forecast . . . . . . . . . . . . .. 103

Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . .. 104

Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Medium TVA Load Forecast . . . . . . . . . . .. 105

Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000 BTU/hr;
ER = 1086 High TVA Load Forecast . . . . . . . . . . . .. 106



FIGURE PAGE

53. Temperature Difference vs. Utility Ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 High TVA Load Forecast . . . . . . .. .. ... 107



NOMENCLATURE

heat transfer area, ftz.

first Antoine equation constant, 1n(Pv) = A+ B/(C+T).

outside heat transfer area of the exchanger, £t2.

heat transfer area of a fin, ftz.

heat transfer area inside tubes, ftz.
coefficient in Nusselt analogy for shell side heat
transfer coefficient, equal to 0.33 for staggered tube
bundles and 0.26 for in Tine bundles.

heat transfer area outside tubes, ftz.
parameter in Soave-Redlich-Kwong equation of state,

).

Soave-Redlich-Kwong parameter.

P = RT/(v-Bs) - ASAZ/(V + BS

first parameter in Euler form of the ideal gas heat
capacity equation, Cp = A] + B]*T + C]*T2 + D]*T3,
with Cp in Ca1/gmo]e °K, T in degrees Kelvin, and A],
B], C], and D] in appropriate units.

first parameter in the Andrae equation for liquid
viscosity u = A2exp(BZ/T), with up in centipoise, T in
degrees Kelvin, and A2 and 82 are constants with appro-

priate units.

second parameter in the Antoine equation.

xvi



Ao

cond

comp
CE

ee

Ceq
ex

hp

xvii
the correction factor for expansion, contraction and flow
reversal used in determining the pressure drop inside
tubes with single phase flow.
parameter relating the Reynolds number to the modified
friction factor for the shell side.
correction factor for reversal of flow, recrossing of
tubes and variations in cross sectional area, equal to
the number of baffles plus one.

Soave-Redlich-Kwong equation parameter.

second parameter in the Euler form of the ideal gas heat
capacity equation,

second parameter in the Andrae equation.

speed of sound for a two phase mixture, ft/s.

third parameter in the Antoine equation.

cost per unit outside heat transfer area of a shell and

tube heat exchanger, $/ft2.

- purchased cost of the condenser, §$.

purchased cost of the compressor, $.

Chemical Engineering Plant Cost Index, 1984 = 322.77.
net present worth of the utilities consumed by the heat
pump system during the 1ife span of the system, §$.

total capital investment in the heat pump system, $.
purchased cost of a heat exchanger, $.

net present worth of the heat pump system, §.

cost to provide 1 ft 1bf to pump fluid through the tubes

of a heat exchanger, $/ft 1bf.



in

cop

Dh

DHcomp

xviii
purchased cost of the innercooler, §.
cost to provide 1 ft 1bf to pump fluid through the shell
side of a heat exchanger, $/ft 1bf.
coefficient of performance, measure of heat pump cycle
efficiency, equal to the ratio of heat delivered to the
work done by the compressor.
constant pressure heat capacity, BTU/1bm °R.
purchased cost of the reboiler, §$.
purchased cost of the start-up boiler, §.
net present worth of the conventional system minus that
of the heat pump system, $.
purchased cost of the trim-exchanger, §$.
cost to provide 1 1bm of the utility fluid, $.
constant volume heat capacity, BTU/1bm °R.
cost of f 1bm of cooling water, $/1bm.
diameter of tube, ft.
diameter of clearance between tubes, ft.
enthalpy change of a stream in a heat exchanger,
BTU/1bm.
hydraulic diameter of the outside of a tube, ft.
enthalpy difference across the compressor, BTU/1bm.
inside diameter of tubes, ft.
outside diameter of tubes, ft.
temperature difference between two streams in a heat

exchanger, °R.



DTcond

DTex

DT.
in

DTreb

DTSt

DTtrim

fK

Fs

xix
log mean temperature difference across the condenser,
°R.
log mean temperature difference across an exchanger, °R.
log mean temperature difference across the innercooler,
°R.
log mean temperature difference across the reboiler, °R.
log mean temperature difference across the start-up
boiler, °R.
log mean temperature difference across the trim-
exchanger, °R.
fourth parameter in the Euler form of the ideal gas
constant pressure heat capacity equation.
net present worth of one BTU per year of electricity
during the 1ife span of the heat pump system, $/BTU.
power loss inside tubes of a heat exchanger per unit heat
transfer area, ft 1bf/hr ftz.
power loss outside tubes of a heat exchanger per unit
heat transfer area, ft 1bf/hr ft2.
modified fanning friction factor for the shell side of a
heat exchanger.
fanning friction factor for flow through tubes.
thermal conductivity of a fluid, BTU/hr ft °R.
factor of safety used to account for bypassing.
correction factor for noncounter flow in heat exchangers.

acceleration due to gravity, ft/hrz.



ha
hb

hc

XX

mass velocity in tubes, lbm/sec ftz.

generalized conversion factor, ft 1bm/sec2 1bf.

net present worth of one BTU/yr of natural gas during
the 1ife span of the heat pump system, $/BTU.

mass velocity outside tubes based on free area inside
shell, 1bm/sec ft’.
enthalpy of fluid entering evaporator, BTU/Tbm,

enthalpy of fluid entering compressor, BTU/Tbm.

enthalpy of fluid leaving compressor based on isentropic
compression, BTU/1bm.

enthalpy of fluid leaving compressor, BTU/1bm.

enthalpy of fluid entering throttling device, BTU/1bm.
enthalpy of vaporization, BTU/1bm.

film heat transfer coefficient of fluid inside tubes,

2 o

BTU/hr ft~ °R.

film heat transfer coefficient of fluid outside tubes,

2

BTU/hr ft~ °R.

power requirement of the compressor assuming isentropic

behavior, horsepower.

2 o

fouling factor for the inside of tubes, BTU/hr ft~ °R.

2

fouling factor for the outside of tubes, BTU/hr ft~ °R.

constant used to correct pressure drop due to contraction.

ratio of annual fixed charges to the installed cost of
the heat exchanger.

equilibrium constant.



nt
o}
Nu
nv
Nv

Oss

XX

constant used to correct pressure drop for contraction,
expansion and reversal of flow.

length of tubes, ft.

unifac molecular length fraction.

latent heat of vaporization, BTU/1bm.

mass flow rate of fluid, 1bm/hr.

molecular weight, 1bm/1bmole.

mass flow rate of overhead column fluid, lbm/hr.
Marshall and Swift Equipment Index, 1984 = 780.4.
number of baffles.

number of clearances.

fin efficiency.

number of times the functional group k appears in a
molecule of component i.

mechanical efficiency of compressor.

number of passes on the tube side.

number of rows of tubes.

isentropic efficiency of the compressor.

number of tubes.

thermal efficiency of inside surface.

thermal efficiency of outside surface.

Nusselt number.

volumetric efficiency of the compressor.

number of tubes in a vertical tier.

number of hours of operation per year.
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p - density of fluid, 1bm/ft>.

p - pressure, atm.

Pa - present worth given annual payment factor.

Pc - critical pressure, atm.

Phi. - variable relating power loss inside tubes to the 3.5

power of the inside film heat transfer coefficient,
£t 1bf/[BTU/ (hr £t2 °R)13-2.
PhiO - variable relating power loss outside tubes to the 4.75

power of the outside film heat transfer coefficient,

£t 1bf/[BTU/ (hr £t2 °R)1* 75,
Pr - Prandtl number, Cpuf/fK.
PV - vapor pressure of fluid, mm Hg.
Pvr - reduced vapor pressure.
PO - pressure in the heat pump evaporator, atm.
P] - pressure iﬁ the heat ﬁump condenser, atm.
Q - heat duty, BTU/hr,
Qc - heat duty of the low temperéture source, BTU/hr.
QeX - heat duty of the heat exchanger, BTU/hr.
Qh - heat duty of the high temperature sink, BTU/hr.
q; - Unifac molecular surface parameter.
Qk - Unifac functional group surface parameter.
Qratio - ratio of the condenser heat duty to the reboiler heat
duty.
Qreb - reboiler heat duty, BTU/hr.
Q - start-up boiler heat duty, BTU/hr,
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R - heat capacity ratio, Cp/CV.
Rdw - resistance to heat transfer at the wall including

fouling, hr ft2 °R/BTU.

Re - Reynolds number, pVD/u.
rs - Unifac molecular volume parameter.
Rk - resistance to heat transfer through the wall,

hr ft2 °R/BTU.

Rmain - net present worth of the maintenance requirements of

the heat pump system, $.

Sh - cross sectional area of the header of a heat exchanger,
£t2.

Si - cross sectional area of the tubes of a heat exchanger,
£t2.

St - number of hours per year of start-up operation.

T - temperature, °R.

TC - critical temperature, °R.

ka - temperature adjusted Unifac binary functional group

interaction parameter.

Tr - reduced temperature

TO - temperature on the refrigerant side of the heat pump
evaporator, °R.

T - temperature on the refrigerant side of the heat pump
condenser, °R.

T]' - temperature of the compressor discharge, °R.

T,' - temperature of the process fluid entering a heat

exchanger, °R,
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XX1v
temperature of the process fluid leaving a heat
exchanger, °R.
viscosity of a vluid, 1b/hr ft.
overall heat transfer coefficient of the condenser,

2

BTU/hr ft~ °R.

overall heat transfer coefficient of a heat exchanger,

2

BTU/hr ft~ °R.

overall heat transfer coefficient of the innercooler,

2 °R.

BTU/hr ft
ratio of the natural gas rate to the electric rate on a
dollars per million BTU basis.

overall heat transfer coefficient of the reboiler,

2

BTU/hr ft~ °R.

overall heat transfer coefficient of the start-up boiler,
BTU/hr ft2 °R.
overall heat transfer coefficient of the trim-exchanger,

BTU/hr ft2

°R.

molecular volume, ft3/1bmo1e.

fluid velocity in the tube, ft/hr.

critical molecular volume, ft3/1bmo1e.

fraction of fluid vaporized.

suction specific volume, ft3/1bm.

weight rate of flow of condensate per tube on the out-

side, 1bf/hr tube.

Pitzer accentric factor.
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work done by the compressor assuming isentropic
behavior, BTU/hr.
work done by compressor, BTU/hr.
mass flow rate of utility fluid, 1bm/hr.
total weight of fluid condensed inside a tube, 1bf/hr.l
mole fraction of component i in mixture.
ratio of parallel pitch to outside tube diameter.

Unifac mole fraction of functional group m.
ratio of transverse pitch to outside tube diameter.
molte fraction of component i in mixture.
criticd] compressibility of a fluid.
mole fraction of component in feed to an increment.
fraction of the temperature difference across a heat
exchanger that occurs on the inside of the tubes.
compressibility factor of the fluid entering the compressor
(Pv/RT) determined from the Soave-Redlich-Kwong equation.
Soave-Redlich-Kwong paraﬁeter used to find Az'
fraction of the temperature difference across a heat
exchanger that occurs on the outside of the tubes.

Greek Symbols

liquid activity coefficient of component i.

functional group residual activity coefficient.

Lagrange multiplier used in deriving equations for the
optimum film heat transfer coefficients.

surface tension, 1bf/ft.
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correction factor for nonisothermal flow used in
determining the pressure drop inside the tubes.
vapor fugacity coefficient of component i.

Unifac molecular surface fraction of component i.

Unifac functional group surface fraction.

Unifac molecular segment fraction.

pure species liquid fugacity coefficient.
Superscripts

combinatorial portion of the liquid activity coefficient.

pure species.

residual portion of the liquid activity coefficient.
Subscripts

properties of the fluid at the entrance.

properties of the fluid at the exit.

properties of the fluid at the normal boiling point.

properties of the fluid at the critical point.

properties of the fluid at the discharge of the

compressor. |

properties of the fluid at film conditions.

properties of the gas.

properties of the fluid inside the tubes.

properties of component i in the mixture.

properties of the fluid at the intake of the compressor.

properties of component j in the mixture.

properties of the functional group k.
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properties of the liquid.
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the vapor.

the wall of the tubes.
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the fluid inside the condenser.
the entrance.
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CHAPTER I

INTRODUCTION

Heat pumps are hardly a new invention, but with energy costs
rising, heat pumps are receiving more interest.

As one of the more energy inefficient areas of.the chemical
industry, distillation is also one of the largest consumers of energy.
Distillation trains require about 28 percent of the energy consumed
by the chemical industry in the United States.] Most of this energy
is lost through the condensation of the overhead vapor.

The feasibility of the application of a heat pump system to a
distillation train depends on many variables. Among these are the
temperature difference between the reboiler and the condenser, the
temperature levels, and the heat loads of both the reboiler and con-
denser. It has been shown that heat pumps can decrease the energy
consumed by a distillation column by 80 percent while adding between

10 and 20 percent to the capital cost.2



CHAPTER II
CONVENTIONAL DISTILLATION COLUMN

The distillation column is a means of separating chemicals.
This separation is based on a difference in volatility between these
chemicals. It is obtained through the interactions between a liquid
phase and a vapor phase, each flowing in opposite directions in the
column. Each stage of the column operates close to physical
equilibrium. The greatest attribute of the distillation column is
the high degree of purity that can be obtained.

Energy is added to the column through a reboiler where a
portion of the liquid phase is withdrawn from the bottom of the
column, vaporized, and returned to the column. The reboiler is
generally heated by steam.

Energy is withdrawn from the column through the condenser
where the vapor phase is withdrawn from the top of the column, con-
densed, and a portion returned to the column for reflux. The con-
denser is cooled by cooling water, air, or other cooling medium. The
condenser operates at a lower temperature than the reboiler.

The temperature difference between the reboiler and condenser
frustrates any attempt to recover the heat lost in the condenser and

apply it to the reboiler.



CHAPTER III
BASIC HEAT PUMP

A heat pUmp delivers heat from a lower temperature source to a
higher temperature sink as a result of the input of compressor work
to the system. .It consists of an evaporator, condenser, compressor,
throttling device, innercooler, and a trim cooler arranged as in
Figure 1. Ideally the evaporator, condenser, and the trim cooler
are constant-temperature phase change operations. Ideally the com-
pressor is isentropic. An ideal Rankine cycle is illustrated in
Figure 2 on a temperature-enthalpy diagram. A measurement of
efficiency of a heat pump is the coefficient of performance (COP)
which is the ratio of energy delivered (Qh) to the work required at

the compressor (W).2
COP = Qh/W

The governing equatijon of the Rankine cycle is that the energy
delivered at the condenser is equal to the energy absorbed in the

evaporator plus the work performed by the compressor.

m(hc - hd) = m(hb - ha) + W
and

W = m(hc - hb)

where m is the working fluid mass flow rate, and h is the enthalpy at
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Figure 1. Schematic drawing of a heat pump.
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Figure 2. The ideal Rankine cycle.



points a, b, ¢, or d. Note that hd = ha because the enthalpy does

not change across the throttling device.z’4

In order to take into account the irreversible nature of the
polytropic compressor as well as the heat exchange between the com-
pressor and the working fluid, the point c is replaced by ¢'. The

work required is therefore increased to W'.4
W' = m(hc' - hb)

The ratio of the work ideally required to this increased work: is

referred to as the isentropic efficiency ns.
ns = W/W' = (hc - hb)/(hc' - hb)

The compressor does not deliver all of the energy it uses,
giving rise to a second efficiency coefficient nm, called the

mechanical efficiency.

nm = m(hc' - hb)/(energy consumed by compressor)
The practical COP is therefore altered to:

COP = nm(hc' - hd)/(hc' - hb)

A third inefficiency arises in the compressor which is called

the volumetric efficiency, nv.

nv = mvs/(compressor swept volume)



where vs is the suction specific volume. This does not affect the

COP but does affect the size of the compressor.4



CHAPTER IV

WORKING FLUIDS

The selection of a working fluid is one of the most critical
choices involved in the design of a heat pump. The first considera-
tion in the selection process concerns the stability of the fluid
when exposed to the temperature at the discharge of the compressor.
Good design requires that this temperature be well below the fluid
critical temperature (reduced temperature not greater than 0.9).

The absolute value of the slope of the saturated vapor entropy

curve, i.e. (dT/ds) » should be high to reduce the amount of super

vap.
heating in the compressor (T]' - T]). This is the same as having a
low constant pressure heat capacity (cp) over the temperature range.5
T] - T1 = T](T0 - T])/(cp(dT/ds)vap.)
(dT/ds)vap. = T/(cp - hfg/T)

The fiuid should also have a high latent heat of vaporization
(hfg) which will give a Tower compressor suction volume flow rate.
Unfortunately, fluids with a high latent heat of vaporization require

high compression ratios (Pl/PO)'S

One other consideration is that of the solubility of this

compressor Tubricant in the working fluid. This can cause loss of

8
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lubricant, loss of working fluid, contamination of either fluid, and/
or a breakdown of the lubricant.

With these things in mind, the selection process begins by
eliminating fluids with a reduced temperature greater than 0.9 at the
compressor discharge. Then remove the fluids that pose special
problems due to flammability or toxicity. Next, using the ideal
Rankine cycle, calculate the compression ratio, the compressor dis-
placement (volume flow rate at the compressor inlet), and the
coefficient of performance. This along with the relative cost of the
refrigerants, should be enough to narrow the choice down to a few
refrigerants.4’5

Refrigerants, as working fluids are generally called, are
given a shorthand notation called an ASHRAE (American Society of
Heating, Refrigerating, and Air-Conditioning Engineers) number.6 The
ASHRAE number is a basic three digit code. The first digit is the
number of carbons in the formula of the compound minus one. It is
omitted if it is less than one. The second digit is the number of
hydrogens in the formula plus one. The last digit is the number of
fluorines. The number one is added to the beginning if the compound
is unsaturated. A capital C is attached to the beginning if it is a
cyclic compound. For brominated compounds a capital B followed by the
number of bromines in the formula is added to the end of the ASHRAE
number. The number of chlorines in the formula is not a part of the
ASHRAE number, but is implied by the ASHRAE number. Isomers are

numbered with respect to symmetry. The most symmetrical receives
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just the normal number, while the rest receive an alphabetic suffix.
The second-most symmetrical has the letter a attached; the third, a
letter b, etc. For example, R-12 is dichlorodifluoromethane or freon,
R-114 is dichlorotetrafiuoroethane, and R-114a is the isomer of

R-114.°



CHAPTER V
COMPRESSORS

There are many types of compressors avajlable for use in heat
pumps. The choice of type of compressor is dependent on the inlet
volume flow rate, the compressjon ratio, and the discharge pressure,
Two broad operating categories of compressors are wet and dry, In a
wet compressor, the compressor lubricant is exposed to the
refrigerant causing the lubricant to be present in the refrigerant
to a concentration level above 15 ppm. In some cases, the lubricant
concentration can reach 20 percent by volume. The lubricant is
necessary to enhance compressor seal performance or to cut down on
compressor wear. In a dry compressor, lubricant is only present due
to leaks in the bearing seals and the concentration level rarely is
greater than 5 ppm.

There are three types of casings for a compressor plus its
motor drive: hermitic, semi-hermitic, and open. In the open type,
the drive shaft emerges through a seal from the casing containing the
refrigerant. In the hermitic type, both the compressor and the motor
are contained in the same welded casing. This eliminates the seal
and the refrigerant leakage therein. The major drawback of this is
the increased danger of the motor overheating. Semi-hermitic is the
same as hermitic except that the casing is bolted rather than welded

for easier servicing.

11
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A reciprocating compressor works in much the same way as an
automatic engine. Compression occurs in a cylinder by force applied
by a piston. The refrigerant is impinged on the cylinder walls as it
enters to help with cooling the cylinder and to improve the isentropic
efficiency. Liquid in the intake of the compressor can result in
damage to valves and in an extreme case, can damage the cylinder head
and pistons. Reciprocating compressors are equipped with a spring
loaded cylinder head to prevent damage.

There are two variations of a reciprocating compressor. In
one, a thin film of lubricant is maintained on the cylinder walls.
In the other, a crosshead is introduced between the piston and the
crankshaft. This is done to remove the angular forces on the piston
allowing it to glide on a thin film of refrigerant. This creates a
dry compressor instead of a wet one, but also makes it more expensive.
Single stage reciprocating compressors are limited to a 4 to 1 com-
pression ratio.

Centrifugal compressors utilize the centrifugal force to achieve
compression. This is done when the refrigerant vapor is thrashed
by the rotating impeller blades. The impeller blade rotates at a
speed between 2500 rpm to 30000 rpm. The upper value is limited by
the stress on the impeller.

Capacity is controlled by either varying speed, suction guide
vane angles, or a blast gate opening. Suction guide vanes are the
most common. They work by rotating to a more favorable or less

favorable position. Speed variance is the most efficient method but
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is both difficult and expensive when used with constant speed
electric motors. Blast gates are the least efficient method.

The orime problem with a centrifugal compressor is that of
surging. This problem is caused by momentarily higher pressure in
discharge than the pressure developed by the compressor, thus the
flow reverses. This is an oscillatory flow which is unstable.
Surging may be predicted by the shape of the head capacity curves
which reach a maximum at approximately half capacity and then plummet
to zero.4’7

The type of compressor required can be determined from the
following application ranges of compression ratio, adiabatic head,
and suction volume flow rate. A reciprocating compressor is 1imited
by a maximum suction volume flow rate of 1000 ft3/min where the
maximum compression ratio has fallen to 4.0 per stage from 10 per
stage. A centrifugal compressor is used for flow rates above 1000
cubic ft/min with a limiting adiabatic head of 10,000 ft of gas.7

Compressor lubricants are generally mineral oils and the
selection of the lubricant depends on the choice of working fluid.

It should be noted that the compressor of a heat pump is
exposed to higher temperatures than a similar compressor used in a
refrigerating application. The danger of the bearings drying out is
therefore increased and larger bearings are required.8 If the

refrigerant is allowed to accumulate at the bearings, lubricants can

be leached out.




CHAPTER VI
HEAT EXCHANGERS
The design equation for heat exchangers is:

Q = U, AdT = mdh

where Q is the heat duty of the heat exchanger, A is the exchange area,
Uex is the overall heat transfer coefficient, dT is the temperature
difference between the two streams, m is the mass flow rate of a
stream, and dh is the change in enthalpy of that stream as it passes
through the heat exchanger.

Except when dT is a constant across the heat exchanger (both

streams change phase), dT is replaced by Fth1m'9

Fthlm = Ft(dTa - dTb)/1n(dTa/dTb)

where dT]m is the log mean temperature difference, dTa is the
temperature difference between the two streams at the inlet, dTb is
the temperature difference between the two streams at the outlet, and

F, is a correction factor which is equal to 1.0 for an ideal counter-

t
flow heat exchanger.
The overall heat transfer coefficient can be found from the

following equation:]O

Uy = '((1/(ntohso)) + (1/(nt h ) + Rk + (A /(A;nt;hs,))

¢ (A/(Ant;h.)))]
14
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where hs is the fouling coefficient of the surface, Rk is the thermal
resistance of the wall, a is the total surface area, h is the average
unit conductance of the surface, and the subscripts i and o refer to
the inside and outside surfaces, respectively.

The total efficiency of a surface (nt) is equal to 1.0 if no
fins are present. It is determined from the fo]]owing equation

otherwise:]0

nt = 1.0 - Af(1.0 - nf)/A

where Af is the heat transfer area of the fin, nf is the fin
efficiency and A is the heat transfer area of the surface if no fins
were present.

The average unit conductance of the outside surface can be

determined from the Nusselt ana]ogy.]0
_ _ 0.6 0.3
hoD/fKe = Nu = a(Re . )" " (Pre) ™ "/Fs
Remax ) (pvmaxD)/uf

Prf = (Cpuf)/fKf

where the subscript f refers to film properties which are defined as
having a temperature equal to the arithmetic average of the bulk
stream temperature and the temperature at the surface. The coefficient
a is 0.33 for staggered tube bundles, and 0.26 for in line tube
bundles. Fs is the factor of safety to account for by passing and

varies from 1.0 to 1.8 with an average value of 1.6. fK is the thermal
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conductivity of the fluid, D is the outside diameter of the tube, P
is the density of the fluid, u is the absolute viscosity of the fluid,
and Vmax is the maximum fluid velocity in the tube. This equation
is valid for Reynolds numbers greater than 6000, Prandtl numbers
between 0.7 and 300, with no phase change.
The average unit conductance of the inside surface is found

similarly with the following equation:]O

Nun. = 1.86(Re

prDh/L)0- 33

0.14
Dh Dh u,/ug)

where Dh 1is the hydraulic diameter, and the subscripts b and s refer
to bulk and surface conditions, respectively. L is the length of the
tube. NuDh and ReDh are the Nusselt and Reynolds numbers based on
the hydraulic diameter. This equation is valid for Reynolds number
Tess than 2100, Prandt]l number greater than 0.7, and no phase change.

For the situation that the Reynolds number is greater than 6000 but

all other conditions are the same, the following equation is vah‘d:]O
_ 0.8 0.33
NuDh = 0.023(ReDh) (Pr)
For condensing vapors outside horizontal tubes:]0
- 3, 2 0.25
ho = 0.725(Kf Pf ghfg/(NvDoude))
- 3p 2 1/3
0.95(Kf Pf gL/(wuf))

where Nv is the number of tubes in a vertical tier, h,._ is the latent

fg
heat of condensation [BTU/1bm], L is the heated length of the tube

[ft], w is weight rate of flow of condensate per tube from the lowest
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point on the condensing surface [1bf/hr], and dT is the temperature
difference across the liquid film [°F]. D is in ft, u is in
1bf/(hrft), h is in BTU/(hrft2°F),fKis in BTU/(hrft°F), g is in
ft/hrz, and p is in ]bm/ft3. This is valid for Reynolds number
greater than 2000, with all physical properties being for the

condensate.

For condensing vapor outside vertical tubes:]O

_ 3,2 1/3
hy = 1.47(xD fK:pe g/ (dwug))

For condensing vapors inside horizontal tubes at low flow

r‘ates:]0

_ 3
h = 0.761(LfK] p](p] - pv)g/(wtu]

))1/3

3 0.25

= O.6]2(fK] p](p] - pv)ghfg/(u]Dide))

where wt is the total vapor condensed in one tube [1bm/hr], and the
Reynolds number is less than 2100.

At a high condensing load with vapor shear dominating the

Boyko-Kruzhilin Correlation apph’es:7

0.8( )0.43((

Nu = 0.024(D;6/uy)" "(pry p/p)s + (p/py),)/2

(p/pm)i 1+ (py - P, )x;/p,

(p/p)y = 1+ (py - p,)x,/p,

2)1, and x is the

where G is the mass velocity in the tube [Tbm/(hrft

mass vapor fraction.
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For boiling either the Mostinski Equat1’on7’]2
hb = 0.00658(p )% *%(a/A) 07 (1.8(p/p )01
+a(p/p )2+ 100070 )'0)

or the McNelly Equation7

0.69
hb = 0.2
0.225(ge / (Ahe )™ ™

(py/p, - 103

can be used for the nucleated boiling regime. P 1is in psia, Q is in
2oF)1,

and o is the surface tension of the fluid [1bf/ft]. In a heat pump,

BTU/hr, hb is the average unit conductance for boiling [BTU/(hrft

the boiling regime is assumed to be nucleated, because of the low
temperature difference between the wall and the bulk liquid. The
subscript ¢ refers to a critical property.

One other important factor in designing a heat exchanger is the
pressure drop experienced by each stream. For single phase flow in

tubes, the pressure drop is given by:]O

dP, = B,2f, 62LN o/ (9.P;D;04)

where the subscript i refers to properties inside the tube at bulk tem-
perature, G is the mass velocity in the tube in lbm/sec ftz, f is the
fanning friction factor, ¢ is the correction factor for nonisothermal

flow, g is 32.17 ft]bm/(seczlbf), P is 1in ]bf/ftz, Npis the number of

c
passes, and B is the correction factor for expansion, contraction
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and flow reversal. ¢ is determined from the following equation if

the Reynolds number is less than 2100:

_ 0.25
9; = 1.1(ui/uw)

where the subscript w refers to wall conditions. It is determined
from this equation otherwise:

- 0.14
o5 = 1.02(u1/uw)

B is determined from:

B, = 1+ K;D.o./(4F L)

The parameter K] is:

~
il

(1 - (5i/sh))% + K+ 0.5(N, = 1)/N,

~
1]

0.4(1.25 - Si/Sh)

where Si is the total inside tube cross sectional area and Sh is the
header cross sectional area, and the ratio of Si to Sh is less than
0.715. If this ratio is greater than 0.715, then Kc is found from

the following equation:
KC = 0.75(1 - Si/Sh)

The fanning friction factor can be obtained from graphs or from the

following re]ationships:]O



For Reynolds

Shell

equation for

dPO =

where Gs is the mass velocity based onfree area in shell in 1bm/sec ft°,
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number less than 2100,
16/Re

number greater than 6000 in smooth pipe,

0.046/Re’ 2

number greater than 6000 in steel or new iron,

0.04/ReD 16

side pressure drop can be calculated from the following

no change of phase:]O

. 2
—BOZf Ner /(gcpo)

2

Nr is the number of rows crossed by flow, and B is a correction factor

for reversal

of flow, recrossing of tubes, variations in cross sectional

area. B is roughly equal to the number of baffles plus one, and f' is

the modified

fl = boRe

friction factor determined by the following equations:

0.15

For staggered tube arrangements,

bo = 0.23 + 0.11/(Xt - 1)

1.08

For in line tube arrangements,

b0 = 0.044 + 0.08X1/(Xt - 1)(

0.43+1.13/X1)
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where Xt is the ratio of transverse pitch to tube diameter, and X1 is
the ratio of parallel pitch to tube diameter. These equations are
valid for Reynolds numbers between 2000 and 40,000.

There are several types of reboilers that can be applied to the
situation where a condensing fluid gives up heat to a boiling fluid.
The first type is the flooded bundle or kettle reboiler. Boiling
occurs on the shell side, with the condensing fluid inside horizontal
tubes. The pressure drop on the shell side due to friction is
negligible provided that liquid flow paths are adequate to prevent
vapor binding. This is the normal type of the heat pump evaporator
because of the requirement of a vapor fraction of 1.0 for the
refrigerant at the exit.

In kettle reboilers, the heat flux is generally limited to
70 percent of the maximum defined by the Palen and Small modification

of the Foster-Zuber Equation.7

2)0.25 0.5)

(Q/A)pax = 61.6Pp he (9o (py - p,)/p, /(DN

where Ntis the number of tubes, ¢ is the surface tension [1bf/ft],
p is the density [1bm/ft3], P is the pressure [psial, and the sub-
scripts 1 and v refer to the liquid and vapor phase, respectively.
Note that any desuperheating of the condensing vapor is done by a
single phase mechanism.

Horizontal thermosiphon, vertical thermosiphon, forced
recirculation, and natural convection reboilers can be designed by a

13 In all of these types of

method developed by Dr. James R. Fair.
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reboilers, boiling occurs on the tube side (forced recirculation
reboilers can accommodate boiling on the shell side as well) and
deliver a fluid that is only partially vaporized. This is done to
avoid the mist flow region with the accompanying low heat transfer
coefficients. Dr. Fair's method was developed for vertical thermo-

siphon reboilers but is easily modified for use with the other types.



CHAPTER VII
THROTTLING DEVICES

There are two predominant types of throttling devices,
capillary tubes (inside diameters between 0.026, and 0.1 inches) and
expansion valves. The latter is generally preferred as it has better
control capabilities, especially in startup and shutdown situations.

Flashing flow occurs in either situation.

The design equation of a capillary tube 15:14

vdP + Gz(vdv + 2f1.v2dL/D)/gC =0

where v is the specific volume of the fluid. Numerical solutions
of this equation are more easily found from this form of the same

equation:]4

dL = -D(ngP/(sz) + dv/V)/(Zfi)

where v is the average specific volume over the increment, and fy s
the fanning friction factor for liquid flow until two phase flow
begins. The apparent friction factor for two phase flow is given by
Edward P. Mikol as 95 percent of the value for single phase liquid
flow. The required Tength of the tube being found by taking small
increments of the pressure drop and summing up the lengths.

One problem with designing a capillary tube is that the speed

of sound can be obtained in the tube, and the pressure will not

23
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decrease any further. This is indicated when the incremental length
calculated is equal to zero (if this length is less than zero, then
the increment is too large). If the pressure at this point is still
too high, then the assumed diameter must be increased. The speed of

sound for a two phase mixture is given by Mikol as:]4

¢ = (g (dP/dp)g)°">

One type of expansion valve is the constant pressure expansion
valve. In this valve, two opposing springs act against each other.
The closing spring is attached to the valve pin while the opening
spring acts on a diaphragm that rests on top of the push rod. The
evaporator pressure is admitted beneath the diaphragm either through
an opening just béyond the valve seal called an internal equalizer
or through a capillary tube attaqhed to a point downstream of the
valve called an external equalizer. The outlet pressure (evaporator
pressure) is adjusted by either tightening or loosening the opening
spring.

This type of valve is best suited for a constant heat load
application. If the heat load is increased the valve will starve the
evaporator; and if the heat load decreases, it will flood it. In
cases where the motor drive of the compressor has a low starting
torque, a bleed hole is added to the valve seat to allow the pressure
to equalize the valve.

In a thermostatic expansion valve, the opening spring of the

constant pressure expansion valve is replaced by a capillary line to a
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bulb containing a fluid that expands as the temperature rises. The
bulb is attached to the evaporator outlet as is the external equilizer.
The temperature in the bulb together with the pressure from the
equilizer adjust the heat duty of the evaporator to meet present
operating conditions.

The fluid in the bulb can be the same fluid as the refrigerant
in two forms, a gas charge or a liquid charge. In a gas charge, at
a set point all the liquid in the bulb has vaporized and above this
point the pressure exerted on the diaphragm does not change signifi-
cantly, causing the valve to act 1ike a constant pressure expansion
valve. If the capillary or diaphragm chamber is colder than the
bulb, condensation may form lowering the set point. In Tiquid charge,
the bulb is made to contain enough 1iquid such that it does not all
vaporize.

In liquid cross charges, a fluid other than the refrigerant
is used. The fluid used has a less steep pressure versus temperature
curve to moderate valve response.

One control problem associated with a thermostatic expansion
valve is that of hunting. Hunting is caused by the valve alternatively
starving and flooding the evaporator. This is avoided by using liquid
cross charges, proper sizing of equipment, a short refrigerant path
through the evaporator, and proper locations for the bulb and
equalizer.

Thermostatic expansion valves are rarely used with flooded
bundle evaporators because of the low superheat of the vapor leaving

the evaporator.
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The two types of float valves are applicable to controlling
the flow rate to a flooded bundle evaporator. In a high side float
valve, refrigerant enters the float chamber before entering the
evaporator. The main drawback of this is that the amount of
refrigerant in the heat pump is a critical factor. The liquid level
is controlled by matching the flow rate through the compressor.

A Tow side float valve controls the liquid level in the
evaporator more directly. The float chamber is connected to the
evaporator by two lines, a vapor line and a liquid line. This is
done to insure the same liquid level in the float chamber as in the
evaporator. The valve overcomes the drawback of the high side float
valve, but must be manually closed when the heat pump is not operating
to prevent it from overfilling the evaporator.

The last type is a pilot operated expansion valve. This is
generally a piston type, pilot operated regulator, with the pilot
valve being one of the types mentioned previously. It is used when
the flow rate is too large for a single direct acting valve to be used.
This valve takes on the operating characteristics of the pilot valve,
and also allows secondary control valves to act on the pilot line
alone, to control the main flow.

It should be noted that all valves require adequate protection

from corrosion and foreign material, through the application of
15

strainers and drying systems.




CHAPTER VIII
APPLICATION TO DISTILLATION

There are four basic configurations in which a heat pump can
be applied to a distillation column which are illustrated in
Figures 3 through 6. The first way is the most obvious, that is,
with a refrigerant in the heat pump different from the column fluid.
The column condenser is replaced by the heat pump evaporator, and the
column reboiler is replaced by the heat pump condenser. There is no
alteration of the process fluid path through the column and therefore
no danger of degrading that fluid, either through contamination, or
exposure to high temperature of the compressor d1’scharge.]6

A second way is to use the column overhead vapor as the heat
pump working fluid. This has the main advantage of eliminating the
need for the condenser/reboiler. It also reduces the temperature
rise required across the compressor. How well this fluid acts as a
working fluid determines the usefulness of this method. A flash drum
is added to recycle fhe uncondensed vapor leaving the expansion valve.
A dry compressor is used to minimize the contamination of the process
fluid by compressor 1ubricants.]6

A third method is to use the bottoms liquid as the heat pump
working fluid in a similar manner.]6

A fourth configuration may be applied in which high and low

temperature reservoirs are set up. Heat is supplied to the high

temperature reservoir by circulating fluid from the low temperature
27
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reservoir through the column condenser. Fluid from the high
temperature reservoir provides the heat source for the heat pump
supplying the reboiler, then flowing to the low temperature
reservoir. This system is applicable when the column condenser is
capable of supplying more heat than is needed in the column reboiler
and the temperature in the high temperature reservoir is sufficient

to supply the heat needed elsewhere in the p]ant.]7

In general, many of the limitations on heat pump applications in
distillation columns are centered around the heating requirements of
the rest of the plant. If the heat generated at the condenser is
providing the heating needs of the rest of the plant with little
waste, a switch to a heat pump system is rarely justified.]6

It should be noted that the amount of heat available at the
heat pump condenser is greater than the amount of heat absorbed at
the evaporator. If this is more than that required in the column

reboiler, this is an added bonus if it can be applied elsewhere 1in

the plant, otherwise it is an added burden.



CHAPTER IX
ANALYSIS METHODQOLOGY
Introduction

The project is divided into two parts. In the first part,
feasibility quidelines, the effects 6f seven variables on the
economic feasibility of the heat pump system are studied. In this
part, the heat pump system is limited to the configuration with an
external refrigerant which is illustrated in Figure 3 (p. 28). The
process fluids involved in the heat pump system are unknown and
estimated heat transfer coefficients are used. The utility ratio
is used as a measure of economic feasibility in that the actual
utility ratio must be greater than that determined from the graphs
developed for the heat pump system to be feasible.

In the second part, specific case analysis, the process
fluids are known so it is not necessary to make the rough estimates
of the heat transfer coefficients required in the first part. The
heat pump system is freed to use other configurations and options to
improve its economic potential. The return on investment replaces

the utility ratio as the measure of economic feasibility.
Feasibility Guidelines

The purpose of this section is to determine the conditions

required in a distillation column to make the application of a heat

33
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pump system economically feasible. To this end a number of
assumptions were made. The heat pump system was limited in con-
figuration to the case of an external refrigerant cycle (Figure 3,

-p. 28). This was done to limit the number of assumptions regarding

the physical properties of the process fluids.

Process Fluid Heat Transfer Coefficients

The film resistances to heat transfer on the process side in
both the reboiler and condenser are assumed to be noncontrolling with
respect to overall heat transfer coefficient. A value of 200 BTU/hr
sq ft°R was used as the heat transfer coefficient of the condensing
overhead column fluid. A value of 300 BTU/hr sq ft°R was used as the
heat transfer coefficient of the boiling column bottom fluid. Both
of these values represent the lower end of the range given by Peters

and T1'mmerhaus,1O

and are used because the temperature difference
across the heat exchanger is smail.

The overall heat transfer coefficients for the conventional
reboiler and condenser were approximated by 700 BTU/hr sq ft°R and

500 BTU/hr sq ft °R, respectively.'C

Physical Properties of Heat Pump Fluids

Physical properties of the refrigerant and other known fluids
(cooling water and steam) were estimated from a number of equations.

The vapor pressure was estimated using the Antoine equation:

1n(PV) =A-B/(C+T)
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where PV is the vapor pressure in mm Hg, T is the temperature in
degrees Kelvin and A, B, and C are constants with appropriate un1'ts.]8

The Soave-Redlich-Kwong equation was used to determine the

state properties of the fluid:
P=RT/(v - Bs) - AsAz/V(V + Bs)

where P is the pressure, R is the ideal gas constant, T is the tem-

perature, v is the molar volume, and AS, A_, and BS are constants

b4

with consistent units. AZ is determined by the following equations:

- 0.5y,2
A,=01+7.(1-T.77)]
where T is the reduced temperature (T/TC), and 7 is determined by
the following equation:

Z = 0.48 + 1.574w - 0.176w2

where w is the Pitzer accentric factor. The constants AS and Bs are

determined from properties at the critical point by the following

equations:
_ 2+ 2
As = 0.4278R TC /PC
BS = 0.0867RTC/PC

19

where TC is the critical temperature and PC is the critical pressure.
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The Euler form of the ideal gas heat capacity equation was used

to estimate the constant pressure heat capacity of gases:

2 3
1t B]T + C]T + D]T

Cp = A
where Cp is in Cal/gmole®K, T is the temperature in degrees Kelvin,
and A], B], C], and D] are constants with appnr'opr‘iate"um‘ts.]8 To
this ideal value for Cp is added the constant pressure derivative of
the enthalpy departure function with respect to temperature to
correct for situations where the pressure is too high for the ideal

gas assumption to hold. For liquids, the equation of Sternling and

Brown was used:

4

(C., - Cp)/R = [3.67 + 11.64(1 - Tr) + 0.634/(1 - Tr)]

pL
(0.5 + 2.2w)

where CpL is the constant pressure heat capacity of the liquid, Cp is

the ideal gas heat capacity, R is the ideal gas constant, Tr is the

reduced temperature, and w is the Pitzer accentric factor.18
The viscosity of a liquid was estimated using the Andrae

equation:

U A2exp(BZ/T)

where u is the liquid viscosity in centipoise, T is the temperature

in degrees Kelvin, and A2 and 82 are constants with appropriate

um‘ts.7
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The viscosity for gases was estimated using Arnold's

correlation:

ug - 0.00027M0'5T]’5/Vb2/3(T +1.47T

b)
where ug is the viscosity in centipoise, M is the molecular weight,
T is the temperature in degrees Kelvin, Vi is the molar liquid volume
at the normal boiling point in cc/gmole, and Tb is the normal boiling
temperature in degrees Ke]vin.7

The thermal conductivity of gases was estimated using Eucken's

approximation:

fK = + 2.48/M
ug(cp /M)

where fK is the thermal conductivity in btu/hr ft°F, u_ is the vapor

g
viscosity in 1b/hr ft, Cp is the constant pressure heat capacity in
btu/1b°F, and M is the molecular weight in 1b/1bm01e.7

The thermal conductivity of liquids was estimated using the

fo]]owing equation:
- 4/3 1/2
fKy = 0.00264(C /Cop ) (p/py, )™~ (T/Ty)/M

where the subscript b refers to conditions at the normal boiling
point, p is the molar liquid density, T is the temperature, p is the

molar liquid density, T is the temperature, and fKL is the thermal
18

conductivity in Cal/cm sec K.
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The latent heat of vaporization, Lv’ was estimated using Chen's

equation:
L, = T(7.9T - 7.82 - 3.09Log(P ))/(1.07 - T )

where Pvr is the reduced vapor pressure (Pv/Pc)’ T is the temperature
in degrees Kelvin, Tr is the reduced temperature, and"Lv is in

Ca]/gmo]e.]8

Utility Consumption

Steam used in the start-up boiler and conventional reboiler was
assumed to be delivered at 904.4 degrees Rankine (400 psia). The
cost of steam was limited to the cost of the natural gas required to
generate it. No credit was taken for reducing the size of the steam
generator required because a reasonable estimate could not be made
without more information on the heat balance for the plant.

Cooling water, used in the trim-cooler and the conventional
condenser, was assumed to be delivered at 520 degrees Rankine. A
cost of $0.12 per thousand gallons in 1979 dollars was assumed.]O

No credit was taken for reducing the size of the cooling tower

because an estimate could not be made without more information.

Equipment Size and Costs

The purchased cost of heat exchangers was estimated by the

 following equation:

Coy = 190.35(q, /U, DT )0.632

ex’ “ex~ ex MS/561
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where Cex is the purchased cost of the heat exchanger, QeX is the heat
duty of the exchanger in btu/hr, UeX is the overall heat transfer
coefficient in btu/hr sq ft°R, DTex is the temperature difference
across thé exchanger in degrees°R, and MS is the value of the Marshall
and Swift Equipment Index (1984 = 780.4). This value is multiplied
by 1.2 if the exchanger is a kettle type heat exchangér.20
The cost of the centrifugal compressor was estimated by the

following equation

0.82

C = ]50.48(Hp/0.7) CE/119

comp

where Ccomp is the purchased cost of the compressor, Hp is the power
requirement of the compressor in horsepower (note that 0.7 is to
account for the isentropic efficiency of the compressor), and CE is
the value of the Chemical Engineering Plant Cost Index (1984 =
322.7).°%]

The isentropic horsepower requirement of the compressor was

determined by the following equation:

H =1

b 1.n('l.987*1.415/3600)(Cr‘T1.n/M)(R/(R - 1))

R-1)/R)
((Pys /P ) (RTTV/R) )

where Cr is the circulation rate of the refrigerant in 1b/hr, R is the
heat capacity ratio (Cp/CV) determined using the Soave-Redlich-Kwong
equation, Pdis is the compressor discharge pressure in atm, Pin is the
intake pressure in atm, M is the molecular weight, Zin is the com-

pressibility of the fluid (Pv/RT) at the compressor intake determined
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determined using the Soave-Redlich-Kwong equation, and Tin is the

intake temperature in degrees Rankine.

The total capital investment was estimated as 5.69 times the
total purchased cost of the equipment required. This includes

. . . . . . . 1
installation, instrumentation, engineering, construction, etc. 0

Economic Parameters

A 10 percent discount rate was used in all net present worth
calculations.

The plant was assumed to be operated 330 days per year with
2 days start-up time. The operating life of the plant was assumed to
be 10 years.

Maintenance was estimated as 20 percent of the purchased
equipment cost.]0

A1l prices were escalated to 1984 dollars using either the
Marshall and Swift Equipment Cost Index, or the Chemical Engineering
Plant Cost Index.

No salvage values for the equipment were included.

Optimization of the Heat Pump System

The two most critical variables to the design of a heat pump
system are the temperature difference across the reboiler (DTreb) and

the temperature difference across the condenser (DT ). The best

cond
values for these variables are determined by setting the derivatives
of the net present worth equation of the heat pump system, with

respect to each one, equal to zero and solving simultaneously. The

net present worth equation is as follows:
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Chp ) Cee ¥ Ceq ¥ Rmain

where Chp is the net present worth of the heat pump system, Cee is
the net present worth of the utilities consumed during the 1ife-span
of the heat pump system, Ceq is the total capital investment, and

R is the net present worth of the required maintenance during

main
the Tife-span of the heat pump system.

Cee was estimated by the following equation:

C o = OssErCrDH

e /(0.95%0.7) + StErUrQS/O.8

comp

+ thWUOSsPa

where Oss is the number of hours of operation per year, Er is the net
present worth of one BTU/yr of electricity during the life-span of
the heat pump system, Cr is the refrigerant circulation rate in 1b/hr,
and DHcomp is the change in enthalpy of the refrigerant in the com-
pressor assuming isentropic behavior in BTU/1b. The factor
(0.7*0.95) represents the combined mechanical and isentropic
efficiencies, St is the number of hours per year of start-up
operation, Qs is the heat duty of the start-up boiler in BTU/hr,

0.8 is the boiler efficiency, th is the cost per pound of cooling
water, wu is the number of pounds of cooling water required~per hour,
Pa is the present worth given annual payment factor, and Ur is the

utility ratio (natural gas rate/electric rate).

DHComp was determined with the following equation:

ey ) RDR 0y

DH = Z;, 1.987T, R/(M(R - 1))(Py; /Ps,

“comp i
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where Tin is the temperature at the intake of the compressor in
Rankine, R is the ratio of the constant pressure heat capacity, Cp,
to the constant volume heat capacity, Cv’ M is the molecular weight,

P is the pressure at the discharge of the compressor, and Pin is

dis
the pressure at the intake of the compressor.7

Ceq was determined from the following equation?

C_ = 5.69(C

eq tC

+ C + C

.+ C,
cond reb comp trim in s

where C is the purchased cost of the condenser, Creb is the pur-

cond

chased cost of the reboiler, Ccomp is the purchased cost of the

compressor, C is the purchased cost of the trim-heater or trim-

trim

cooler, Cin is the purchased cost of the innercooler, CS is the pur-

chased cost of the start-up boiler, and 5.69 is the factor for
estimating the total capital investment from the total purchased
equipment cost.

The compliex equation forchpis then differentiated with respect

to DTreb andwith respect to DTcondto obtain the following equations:

dChp/dDTreb = dCee/dDTreb + dceq/dDTreb + ma1n/dDT ab

dChp/dDT = dCee/dDT + dCeq/dDT /dDT

cond cond cond ma1n cond

In evaluating these two equations, DHComp and Cr are the only

variables in Cee that are dependent upon either DTCond or DTreb'

DHComp is dependent upon both DTreb and DTCond through the com-

pression ratio (P /P ). This dependence forces a simultaneous

dis
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solution. C__ is dependent upon both DTreb and DT C

€q
dependent upon DTcond both directly and through U

cond® cond 18

Creb 1S

dependent upon DTreb directly, through Ureb and through the size of

cond’

the desuperheating section of the reboiler. CComp is dependent upon

both DTreb and DTCond through Hp. If a trim-heater is present, then

C is dependent upon DTCond through DT which i§ the temperature

trim trim

difference across the trim-heater in degrees Rankine. If a trim-

cooler is present, then Ctrim is dependent upon DTreb through DTtrim'

The dependence of U the overall heat transfer coefficient of the

trim’
trim heat exchanger in btu/hr sq ft R, on either DTreb or DTcond’ is

ignored. Cin is dependent upon both DTreb and DTcond through DTin’

the log mean temperature difference across the innercooler in degrees
Rankine, while the overall heat transfer coefficient, Uin’ is con-

sidered a constant. Cs is dependent upon DT through DT the

st’
temperature difference across the start-up boiler, while the overall

cond

heat transfer coefficient, Ust’ is considered a constant. Rmain is

dependent upon DTreb and DTCond in much the same way as Ceq‘
These two equations are then set equal to zero and are solved

simultaneously for DTreb and DT This is done by assuming a

cond’

value for DT and solving for DTreb‘ The value for DTreb is then

cond

used to find the next value for DT as in Figure 7. Once DTreb

cond

and DTcond are determined, the refrigerant circulation rate, the cost

of the reboiler, the cost of the condenser, and the cost of the com-

pressor are all easily found.
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Figure 7. OQutline for heat pump model.
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Overall Heat Transfer Coefficient

Heat exchangers are broken into three groups: no phase change
on either side, phase change on both sides, and phase change on one
side.

The heat exchangers with phase changes on both the tube and
shell sides are the easiest to specify. With the inside tube diameter
set to 0.87 inches, the outside diameter set to 1 inch, and the tube
length set to 16 feet, the only variables Teft undetermined are Zi
and ZO. Zi and Zo are the fraction of the temperature difference
across the heat exchanger that occurs on the inside of the tubes and
on the outside of the tubes. Zi and Zo can be determined from the

relative magnitudes of the resistances to heat flow on each side with

respect to the total resistance to heat flow in the heat exchanger:

N
n

0 UeX/hO

Zi } Uex/hi

where h, is the film heat transfer coefficient on the tube side in
BTU/hr sq ft°R and hO is the heat transfer coefficient on the shell
side in BTU/hr sq ft°R. The determination of Zi and Z0 is an
iterative one, because Hi and H0 depend on Zi and Zo. The start-up
boiler, the condenser, the reboiler, and the trim-heater are of this

type. The trim-cooler may be of this type when this heat is to be
10

used somewhere else in the plant.
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Heat exchangers without a phase change on either side are more
complicated. This is because the heat transfer coefficients and the
pressure drops are dependent upon the heat transfer area. The
development of an optimal value for the heat transfer area begins with
an equation for the total annual cost of the heat exchanger and its

-

operation:

Ct = AoKfCAo + qussCu + AOEiOssci + AOEOOSSCO

where Ct is the total annual cost, A0 is the heat transfer area
(outside tubes), Kf is the ratio of annual fixed charges (including
maintenance, depreciation, and labor) to the installed cost of the
heat exchanger, CAo is the installed cost of the heat exchanger per
square foot of heat transfer area, wu is the mass flow rate of the
utility fluid in 1bm/hr, Oss is the number of hours of operation per
year, Cu is the cost per pound of the utility fluid, Ei is the power
loss on the inside of the tubes per square foot of heat transfer area
in ft 1bf/hr sq ft, Ci is the cost to pump the fluid through the
inside of the tubes in $/ft 1bf (includes cost of pump and efficiency
effects), E0 is the power loss on the shell side, and Co is the cost
to pump the fluid through the shell side. A1l the cost factors is
linearized to simplify this equation. However, this makes all calcu-
10

lations jterative.

The following expressions are then substituted in for Ei and Eo:

. . 3.5
Ph11hi

m
{]

m
1

= Phi

h 475
00
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where Phii and Phio are determined from the following equations:

. 1.5 1.83 0.63
Phi, = B, [12200D; u, (uwi/ui)
20, 2.33~ 1.17
. 0.75. 4.75 1.42
Ph1o = (Bo/Nb)(NrNc/Nt)[ZbODCDO FS Ugy

/ 4.75 2 O3.17

. 1.58
ma 9.Po fo )

C ]

pfo

where a, is 0.26 since the tubes are assumed to be in line, DC is the
diameter of the clearances between tubes and is equal to 0.25 inch
(1.25 inch square pitch), D0 is 1 1inch, D; is 0.87 inch, Bi and B0
are the pressure drop correction factors for contraction, expansion,
etc., b0 is the constant used to evaluate shell side friction, p is
the density of the fluid in 1bm/ft3, Nr is the number of rows, NC is
the number of clearances, Nt is the number of tubes, Nb is the number

of baffle spaces, F_ is a correction factor to account for bypassing

2

S
and a value of 1.6 was used, 9c is 32.174 (3600)° ft 1bm/hr2 1bf, the
subscript i refers to conditions on the inside of the tubes, the sub-
script o refers to conditions on the shell side, the subscript f
refers to film properties, and the subscript w refers to conditions
at the wall of the tube.10
The total annual cost equation was then subjected to the

normal constraint of the design equation:

QEX B UEXAEXDTGX




When the method of Lagrange multipliers is applied, the following

object equation is arrived at:

C, = ALF(DT, - DT,)/(Q,,In(DT,/DT,))

(Do/(Dihi) +‘1/h0 + Rdw)/Ao]

+

. . 3.5 ., 4.75
AOPh1ihi OssCi + AOPh1oh0 OssC0

+ QeXOssCu/(Cpu(DT] - DT2 + T]' - T2‘)) + AoKcho

where X is the Lagrange multiplier, Ft is the correction factor
applied to the Tog mean temperature difference to correct for flows
other than counterflow in the exchanger, Rdw is the combined resist-
ances to heat transfer due to the wall and fouling on both sides of
the wall, DT] is the temperature difference at the inlet to the
exchanger in Rankine, DT2 is the temperature difference at the exit,
T]' is the temperature of the process fluid at the inlet in Rankine,
and T2' is the temperature of the process fluid at the exit in Rankine,
The equation is now simplified in accordance with the case in hand,
differentijated, and solved simultaneously for hi and ho.]0

In the case of the innercooler, the compressor feed is
superheated by the fluid leaving the reboiler. The mass flow rate on
the tube side is the same as on the shell side, making the temperatures
in the object function constants. This also makes the heat transfer
coefficient a constant, The cost to pump the liquid refrigerant
through the innercooler is negligible because an increase in the

pressure drop on this fluid only reduces the allowable drop in the
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throttling device (Co = 0). The object function is then differentiated
with respect to the heat transfer area and with respect to the inside
heat transfer coefficient. The two resulting equations are then com-
bined to eliminate the Lagrange multiplier and the heat transfer area

to obtain an equation for finding h1:
KfCAo = [3.5Ph1'].OssC].D1./Do(1/h0 + Rdw)hi
. 3.5
+ 2.5Ph1iossci]hi

This is solved in an iterative manner. Zi and Zo are solved for in
the same manner as in the case with phase change on both sides.10
The trim-cooler has a phase change on only one side of the
exchanger. The change in temperature and the pressure drop on the
process or refrigerant side is negligible, making C0 equal to zero.
The same equation for the innercooler can be used for the trim-cooler.
The temperature drop across the exit of the exchanger is solved for

with the following equation:]O

FtUeXOSSCu/(Cpu(KfCAo + Eiossci)) = 1n(DT2/DT]) -1+ DT1/DT2

Variables Investigated

Several column variables were looked at to determine their effect
on the application of the heat pump system. The seven variables investi-

gated were the electric rate forecast, the utility ratio, the reboiler

heat duty, the heat duty ratio, the process side condenser temperature,
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the process side temperature difference between the reboiler and the
condenser, and the heat pump working fluid.

The electric rates, Er’ used in this analysis were those
predicted by TVA. The three forecasts are probabilistic models with
the high forecast having a 90 percent probability of the actual rate
being lower than the rate predicted, the medium forecast having a 50
percent change, and the low forecast having a 10 percent chance. A
graph of the three forecasts is presented in Figure 8.21

The utility ratio, Ur, is the ratio of the natural gas rate to
the electric rate (each in dollars per million BTU). This variable
was used as a measure of feasibility, in that the utility ratio must
be higher than those obtained from the graphs for the application of
the heat pump to be feasible. The utility ratios predicted from TVA
data are presented in Figure 9.21

The reboiler heat duty, Qreb’ determines the size of the heat
pump required. It was allowed to vary from 200,000 BTU/hr to
200,000,000 BTU/hr by increments of 10. The application of the heat
pump system is more favorable at high feboi1er heat duties.

The heat duty ratio, Q , is the ratio of the condenser heat

ratio
duty to the reboiler heat duty. This variable determines if a trim-
cooler or trim-heater is required. Trim-heaters are required for
Qratio values below the no trim-exchanger value and trim-coolers being
required above that value. The no trim-exchanger value is below 1.0

because of the heat added by the compressor. The Qratio is allowed
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to vary from 0.5 to 1.5. The heat pump system is favored by columns
where the need for trim-coolers or trim-heaters is small.

The condenser temperature, T, is the bulk average temperature
on the process side. This temperature is allowed to vary from 560 R
to the lower of 710 R or the point where it makes the compressor dis-
charge temperature exceed 90 percent of the refrigerant critical
temperature.

The temperature difference, DT, between the reboiler and the
condenser determines the compression ratio required in the compressor,
The application of the heat pump system is favored by Tow temperature
differences. DT is allowed to vary from 10 R to the lower of 90 R or
where it makes the compressor discharge temperature exceed 90 percent
of the refrigerant critical temperature.

The working fluids used in this analysis are R-114 and R-113,
Both fluids are commonly used refrigerants and haye high critical

temperatures,

Specific Case Analysis

In analysis of a specific case, several issues must be
considered. First, consider the assumptions made previously regarding
the process fluids. These assumptions can be replaced in the analysis
by what is known about the process fluids. Second, there are
numerous options that need to be investigated that potentially could
improve the heat pump economics. Of these options, configuration of

the heat pump system appears to be the most promising.
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Process Fluids

The fluids examined previously were all assumed to be pure
liquids and gases, while process fluids are generally multicomponent
mixtures. The physical properties of multicomponent mixtures are
estimated by an average of the properties of pure components.

Critical properties of mixtures (pseudocritical) are estimated

using Kay's rule:

Pcm ) 2yipci
Tcm ) zyiTci
Zcm ) zyizci
v. =12 RT /P

cm cm cm Cm

where Ys is the mole fraction of component i, PC is the critical
pressure, TC is the critical temperature, ZC is the critical com-
pressibility, Ve is the critical molar volume, and R is the ideal gas
constant in consistent units. The subscripts m and i refer to mixture
.and pure component properties, respective]y.22

The Soave-Redlich-Kwong equation is modified by the following
mixing rules:

Bsm ) zy1'Bs1'

APzn = L Eyiyj(AsiAsjAziAzj)(]/Z)

where y is the mole fraction of a component.m’]9
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The constant pressure heat capacity of gas mixtures was

estimated by:
Cpm ) z3"1‘Cp1'

where Y5 is the mole fraction of component i. For liquid mixtures,

the constant pressure heat capacity is estimated by:
Com incpi

where Xs is the weight fraction of component 1.7
The viscosity of gas mixtures was estimated using the following

equation:
U = (zyi“iMi(]/Z))/zyiMi(1/2)

where Yy is the mole fraction of component i and Mi is the molecular

weight of component 1.7 For Tiquid mixtures, the Kendall-Monroe
equation was used:
(1/73) _ (1/3)
u LX;u;

where X; is the mole fraction of component i.7

The thermal conductivity of gas mixtures was estimated by:
- (1/3) w (1/3)
K, = (zyiKiMi )/ZyiJi
where Y; is the mole fraction of component i. For liquid mixtures:

fk, = 1x; K,
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where X is the mole fraction of component i if M] is greater than M2

and fK] is greater than sz; otherwise Xs is the weight fraction of

component 1.7

The latent heat of vaporization of a mixture where the
temperature is allowed to vary while the pressure and overall com-

-

position remains constant is determined as follows:

Lym = *5Ly;

where Xj is the mole fraction of component j.7

Film Heat Transfer Coefficients

The film heat transfer coefficient of a multicomponent mixture
is an average of the film heat transfer coefficients of the pure

components:

h, = zxjhj
where Xj is the mole fraction of component j. However, if a change
of phase occurs, then the composition is not a constant.23
In condensation, the temperature varies along with the
composition of each phase. An incremental approach is therefore used.
The exchanger is broken into increments of temperature and the area
is determined for each.
The first time through the process of determining the liquid

and vapor compositions of an increment, the equilibrium constant, Ki’

is set equal to the pure species Tiquid fugacity coefficient:
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where “18 is the pure species liquid fugacity coefficient.]o

The pure species liquid fugacity coefficient is determined
from the following equation which was derived from the Soave-Redlich-

Kwong equation;

0. ) ) i
Tnv.) = Zg = 1.0 - InZy + In(vy, /(vy) - Bg,))

- Ag;A, i/ (RTB ) In( (v,

si zi +B ')/viL)

il si

where ZiL is the 1iquid compressibility of component i and v., is the

ik
1iquid molar volume of component i in ft3/1b mo]e.]g’]9

Thereafter the equilibrium constants are determined from the
following equation:

_ 0
Ki = Y5050 %4y

where Ki is the equilibrium constant, ¢1V is the vapor fugacity
coefficient of component i, and YiL is the liquid activity coefficient
of component 1.]9

The Tliquid activity coefficient was determined using the

UNIFAC equation:

c R
vy = Ty + Ty

where the superscripts R and C refer to the combinatorial portion and

to the residual portion, respectively. The UNIFAC parameters are

based on functional groups rather than mo]ecu]es.l9
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The combinatorial portion was determined from the following

equation:

C

]nY-iL = ]n(u_'/x]) + 5q11n(e1/u1) + ]1 - Il-i/x.i Z(XJ]J)

where My is the molecular segment fraction, X5 is the mole fraction
of component i, 9; is the molecular surface parameter, 8 is the area

fraction, and ]i is defined as follows:

1, = 5(r1 - qi) - (ri - 1.0)

where rs is the molecular volume parameter and q; is the molecular

surface area parameter.19

u; was determined from the fo]lowing equation:

where the subscripts i and j refer to components i and j.]g

6, was determined from the following equation:]9

95 = X385/1%;9;

The two molecular parameters rs and q; are determined from

their functional group counterparts as follows:

ri = ARy

O
1]

i InQ

where n, is the number of times the functional group k appears in a

k
molecule of component 1.]9




The residual portion was determined in the following manner:

]nYiLR = In (i1, - 1nrk°)

where T is the functional group residual activity coefficient and

Fko is the pure component functional group residual activity

coefficient.'? -
Both Fk and rko are determined from the following equation

with appropriate composition terms:
Inr, = Qk(1.0 - 1n(Zemek) - ZemTkm/ZenTnm

where o is the area fraction of the functional group m and ka is
the functional group interaction par‘ametev‘.]9

em is defined by the following:

n = XQO/Xann

where Xm is the functional group mole fraction and is defined by:

Xy = anxj/z N X

where xj is the mole fraction of component j.]g

T ., is determined from:

mk
ka = exp(-Amk/T)

where T is the temperature in consistent units with Amk.]9

Q. R

m m

, and Amk are found in tables of UNIFAC parameters.24

95y Was determined from the following equation derived from

the Soave-Redlich-Kwong equation:

59
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]n¢iv = (Bsi/Bsm - 2)(A_;A ;A A ) y /A A )

sisjzi 'z sm zm
(AsmAzm/B RT)In((Vv g + Bsm)/Vg)
+B .(Z, - 1)/B

S1

om " 1an + 1n(vg/(vg -B 1))

g sm

where Zg is the compressibility of the vapor phase (PV/RT), Vg

the molar volume of the vapor phase, the subscripts i and j refer to

is

the corresponding components, and the subscript m refers to the

m1'x’cuv'e.]8’]9

Once the equilibrium constants are found, the fraction of the

feed that remains a vapor is found from the following equation:
0.0 = 221(] - Ki)/(] + vf(Ki - 1))

where z, is the mole fraction of component i in the feed to the

increment and vf is the fraction of the feed that remains a vapor at

the end of the 1'ncrement.]9

New values for X; and y; are determined from the following:

=
]

Zi/(] + vf(Ki - 1))

. = K.x.
1 i

<
"

and the process repeats itself until there is no significant change

. 19
in x; ory,.

The amount of heat transferred in the increment is determined

from the amount of vapor condensed, and the heat transfer area of the

increment is determined.
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This procedure is done for each increment and the total heat
transfer area of the condenser is the sum of the incremental areas.
This procedure is outlined in Figure 10.
Boiling mixtures in a kettle reboiler canvbe assumed to be well
mixed. Therefore, the composition of the liquid mixture is a constant
in the reboiler and is equal to the composition of thg liquid mixture

leaving the reboiler.

Options

The first set of options are considered with configuration.
These options were previously outlined in Chapter VIII. 1In using one
of the column fluids as the heat pump working fluid (Figures 4 and 5,
pp. 29 and 30), the analysis is easier because one variable to be
optimized is removed, either DTreb or DTcond' The circulation rate
is set at the flow rate of the column fluid used as the heat pump
refrigerant. If the column overhead fluid is used, the vapor pro-
duced at the throttling device is recycled. The circulation rate is

then determined from the following:
m.
C = 1C N
r (0 -vf)
where M. e is the flow rate of the column fluid and vf is the fraction
vaporized at the throttling device. If the temperature configuration
of Figure 6 (p. 31) is used, the analysis is harder. The temperatures

of the high and low temperature reservoirs must be determined from the

heating requirements of the rest of the plant. The circulation rate
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of the second working fluid is then determined from the enthalpy
difference between the two reservoirs and the cooling requirement of
the column condenser and the heating requirement of the column
reboiler.

Another option is to use a steam turbine to drive the
compressor. This increases the cost of the compressor and drive by

a factor of 1.15, but the energy cost is reduced.

Economic Parameters

-The return on investment for each option was determined using
a discounted cash flow routine. The annual revenue normai]y included
in a discounted cash flow analysis was replaced with the utility
savings from the use of the heat pump system. The annual cash expense
was replaced with the additional annual maintenance cost. A 10 percent
investment tax credit was taken with a federal tax rate of 46 percent.
The Accelerated Cost Recovery System (ACRS) was used in determining

the annual depreciation.25



- the ratio of the condenser heat duty to that of the réboi]er (Q

CHAPTER X
FEASIBILITY GUIDELINES

In this chapter the effects of six column variables are

)s

investigated. The six variables are the reboiler heat duty (Qreb

ratio)’
the condenser temperature on the process side (T), the temperature
di fference on the process side between the reboiler and the condenser
(DT), the electric rate (Er) forecast assumed either high, medium, or
Tow, and the utility ratio which is the ratio of the natural gas rate
to the electric rate on a dollars per million btu basis (Ur).

The utility ratio was used as a measure of economic
feasibility. The utility ratio was allowed to vary until the net
present worth of the heat pump system including maintenance and
utility expenses over the lifespan of the system was equal to that of
the conventional (no heat pump) system. Therefore, if the actual
utility ratio is greater than that obtained, then the application of
the heat pump system is economically favorable (see Figure 11).

The results of this study are shown in Figures 12 through 53.
Two di fferent working fluids were used to show to a limited extent the
effects of the choice of the working fluid. The two fluids are R-114
and R-113.

The effects of the reboiler heat duty is shown in Figures 12

through 17. The benefits of the heat pump system increase with

64
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Reboiler heat duty vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and T = 560 R; ER = 1986 low
TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
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REBOILER HEAT DUTY BTU/HR
Reboiler heat duty vs. utility ratio for R-114 with
INT - 10.0%, DT = 10 R, and T = 560 R; ER = 1986 medium
TVA Toad forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Figure 14.

REBOTLER HEAT DUTY BTU/HR

Reboiler heat duty vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and T =560 R; ER = 1986 high
TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Reboiler heat duty vs. utility ratio for R-113 with
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TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio

1.5.




Ort =0 <t [t —1

O—D=HOMMrMNNPO MPIAIC-1P>Z

0.75—:]

1%
1 Y
| ¢

S S ———
s R
QXL 08 ,§0 g
6’ ’@"c’:’ &% 9 5‘0’0‘00 o
% é"%’:ﬁ' é‘"’ o 6" KLY
Q:%,&Mag’ R s ,;’.:.::.:::2";,5.3‘:::.:;
s
I
N N ey o‘“‘o“‘u’o’o’o?
R e"w';}fg“éz%&» 4@3""&3&:&
K/
& $ 000 ¢ ' /
R
. ‘?""{’?’ ‘:‘:’,o A0 f ,4:0:::%&’,ﬁo;{o}“t{o{oﬁé;{&,o}
R i Tl
RS
R R K KRR
s
AL %hm R
()

Setede

0‘2

s ...o:».'z»"o:o‘%:f‘«:.:éf s
N

N ':‘os’ O 20 2
i
AT
s
‘*:%&?:g’,’,o% s

<

<X

i
,.wgmgéw S
'9'0’“‘“0;:‘0’0‘ % 0K / :’Ip:o

SRRBL w:.wm&&.//'/t:?
LXK &»&*&:@g:gg’%&&,@’

U

<
e e

Y

&
v Q0 %
I e

AR
sl

<
0%

R

RIS
KK éo%’.?:‘:‘:‘*:#"?:‘t?:?
XK AR XXX
s b
""""”"%’/&‘ (B
':"’I""o’:‘o‘.’o’o:fl X5
& XTI ,o‘l&,
‘.:. "’ é%"”..‘:"."' 0.0'
X “l"}”l"f”,o 0’0:0‘0“’,’
LS RRKIS
b )’;’0"’0‘:’:} 0::‘;“
(RS

X
’."{ Y

0 &

Figure 18.

0.8 1.0 1.1 1.2

CONDENSER/REBOTLER

0.9
HEAT DUTY RAT10

Heat duty ratio vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000
BTU/hr; ER = 1986 low TVA Toad forecast.

72




Q

0. 46 L0 R R R KR KKK KKK KKK KRRY KKK
%‘:"’:"’:‘"":”":’%’%’:‘:”"’:’:’:’:’:’:’:’:’:‘:’:’:‘:’:’:‘:’:’:‘:‘:’:"’:’:’.’:’:’:’:’:’:’:::’:‘:’:’:’oo‘:’:’:’:’:
‘o’o’:":)‘:"30"3o":’o“l’0’0’0‘:‘0’0’9‘0“9‘0‘0’0’0’0"’0’o‘o‘0’0‘0’0‘0’0‘3‘0’0’3’0’0’0’0‘o"0’0’0’0‘0’0‘0’0‘0‘0’0‘0’

A o e a0ttt teatote i tosotiroseetatoseuratodetototlasoseeio®
et e e ettt ottt ettt ettt %Y
B B R A XX XS
ettt ot tatatatitutetetotetetete oottt tatutetete et ot et oo tocetoro oo
O N toreutatoscatotetcarotestasoselasotcitorcatosotearodelasodetelasosilodoscloscieudodolpooodey
Ny oot ooy telatosaro o elurodetodeetadotcasoceitotlodotlaros!
Dot tettatlasottarotearotelulosetatodntloontatottadodeadotladocsedd
R R o o R A R o XA
B R oA O O A RN
R KRS
RO R B 8 e M KB K0
ottt tratototelarododosetiarosceaootcatodsscaroonieadosofeidoceitoscels’

0+ 43 R S K A RO

B0ttt et oo tlatosetetanoooseatprodorelododettes
B e et e et e e ettt et ettt o ettt e
R R R K KR KR KRR KRR

R B R R R R KR R RRKRXEXS

B RO KRR XK CRXSROR X

oo ettt et atodettaroteilasotcutororcuroteltaso

A R SR AN

o{o’o‘o{t’o’o’o’o’o’t‘o’o’o’o 0:0‘0’0’0’0’o’o’tz0‘0:0:0:o:o:020’0‘0’0'0’0:0:0&:0:09

%
00K XRXKK
O s Tt e 0
0K ‘o’o‘o’o’o’lo‘o‘o’y}‘o’:’o’o’o’o’o}’o’o’o’o‘o‘0’0’0‘0‘0’0’0’0’0’0‘0’0’0’0‘o’o’o’o’o‘o’o’o’o‘ /
K A RO
0.40.] o N ola oo alar o teataroteatodototeslasoteelolonoscelusodosottasods
' oo el o ttasetotatoleiorolanodellode
a0 0ot talataron oot sretatalotoloto oo tetelutele
)
KRR R KKK
& o

S,
L BIBKAIAAEINK
‘o":’:::‘.::"‘:’:’:‘:’:’:’:’:’l":’:”o’:’:’:’:’:’:’:’:‘:’:’:‘:”’:‘:’5":’:’:‘:‘00’:‘0’
G R R RIS
R R R R R R R KRR Y
] v}n‘»n{on&o{o 00 AN
] 5
O

OQ——2>»20 —_—f— T ——
o
(&)
w0
|

A X RO CRX RN KR
0.7] R R
'»’0’{0 X KR X KX LR SREN
X X R R R KX XXX
036 R AR GIL)
‘ R R E KK
] XK R XA S
3 il 0L
0.35 o oo to et dataresotosototeeielaly
‘p’n’o’i’:"’o’o’o}’o‘ QNN
o}’o}’o‘o’:} (IR
R SN ALK
o IO P NI
R R Ry
i
LRSI
G
LS &
: G
KX
G
RRRLREAL
QXS
| o

OO
KK
XXX
&

O—D—=OMM MNP0 CPDC—A>Z
N

0.254
S — S - — S——— r
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

HEAT DUTY RATIO CONDENSER/REBOILER
Figure 19. Heat duty ratio vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000,000
BTU/hr; ER = 1986 low TVA Toad forecast.




O P> A

Q=D OMICTMNNPGEO MPIOICHIP>Z

0.75]

2

o

Figure 20.

HEAT DUTY RATIO CONDENSER/REBOILER

Heat duty ratio vs. utility ratio for R-114 with
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BTU/hr; ER = 1986 medium TVA load forecast.
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Figure 21. Heat duty ratio vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000,000
BTU/hr; ER = 1986 medium TVA load forecast.
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Figure 22. Heat duty ratio vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, T = 560 R, and QREB = 200,000
BTU/hr; ER = 1986 high TVA load forecast.
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Figure 24. Heat duty ratio vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 Tow TVA load forecast.
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Heat duty ratio vs. utility ratio for R-113 with

INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 low TVA Toad forecast.

Star: without energy recovery; Square: with energy recovery.
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Figure 26.

HEAT DUTY RATIO CONDENSER/REBOILER
Heat duty ratio vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 medium TVA load forecast.
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Figure 27. Heat duty ratio vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 medium TVA load forecast.
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Figure 28.

HEAT DUTY RATIO CONDENSER/REBOILER
Heat duty ratio vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000
BTU/hr; ER = 1986 high TVA load forecast.
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Figure 29. Heat duty ratio vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, T = 610 R, and QREB = 200,000,000
BTU/hr; ER = 1986 high TVA load forecast.
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Condenser temperature vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 Tow TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.



85

OB D At [t

Q=M MNWNVPE M>»o0C—A>Z

560 S70 580 590 600 610 620 630 640
CONDENSER TEMPERATURE RANKINE

Figure 31. Condenser temperature vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 Tow TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5.
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Figure 33. Condenser temperature vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 medium TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5.
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CONDENSER TEMPERATURE RANKINE

Figure 34. Condenser temperature vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 high TVA Toad forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5.
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Figure 35. Condenser temperature vs. utility ratio for R-114 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 high TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5.
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CONDENSER TEMPERATURE RANKINE
Figure 36. Condenser temperature vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 low TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5; Pluses: with energy recovery.
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Figure 37. Condenser temperature vs. utility ratio for R-113 with

INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 low TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio

1.5.
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CONDENSER TEMPERATURE RANKINE

INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 medium TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio
1.5; Pluses: with energy recovery.
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CONDENSER TEMPERATURE RANKINE
Figure 39. Condenser temperature vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 medium TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5.
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CONDENSER TEMPERATURE RANKINE
Figure 40. Condenser temperature vs. utility ratio for R-113 with
INT = 10.0%, DT = 10 R, and QREB = 200,000 BTU/hr;
ER = 1986 high TVA Toad forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5; Pluses: with energy recovery.
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Condenser temperature vs. utility ratio for R-113 with
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Figure 43. Temperature difference vs. utility ratio for R-114 with

INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 low TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Figure 44.

TEMP. DIFFERENCE REBOTLER-CONDENSER

Temperature difference vs. utility ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000 BTU/hr;
ER = 1986 medium TVA Tload forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Figure 45,

TEMP. DIFFERENCE REBOILER-CONDENSER
Temperature difference vs. utility ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 medium TVA Toad forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5,
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Figure 46.

TEMP. DIFFERENCE REBOTLER-CONDENSER
Temperature difference vs. utility ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000 BTU/hr;
ER = 1986 high TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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TEMP. DIFFERENCE REBOILER-CONDENSER
Figure 47. Temperature difference vs. utility ratio for R-114 with
INT = 10.0%, T = 560 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 high TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =
1.5,
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TEMP. DIFFERENCE REBOILER-CONDENSER
Figure 48. Temperature difference vs. utility ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000 BTU/hr;
ER = 1986 low TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; TriangTes: Q ratio =
1.5. '
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Figure 49,

TEMP. DIFFERENCE REBOILER-CONDENSER

Temperature difference vs. utility ratio for R-113 with

INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 low TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5,
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Figure 50. Temperat
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TEMP. DIFFERENCE REBOILER-CONDENSER

ure difference vs. utility ratio for R-113 with
.0%, T = 610 R, and QREB = 200,000 BTU/hr;

6 medium TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Temperature difference vs. utility ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 medium TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5,
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Figure 52. Temperature difference vs. utility ratio for R-113 with

INT = 10.0%, T = 610 R, and QREB = 200,000 BTU/hr;
ER = 1986 high TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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Temperature difference vs. utility ratio for R-113 with
INT = 10.0%, T = 610 R, and QREB = 200,000,000 BTU/hr;
ER = 1986 high TVA load forecast.

Diamonds: Q ratio = 0.5; Stars: Q ratio = 1.0; Triangles: Q ratio =

1.5.
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increasing reboiler heat duty faster than do the costs. The
application of a heat pump system is favored by large reboiler heat
duties. This effect does level off as Qreb reaches the 200 million/
BTU/hr level.

The point where no trim-heater or trim-cooler is required is

the value of Q that is the most favorable as is shown in

ratio

Figures 18 through 29. This value of Q is a]ways less than one

ratio
because of the heat added to the working fluid in the compressor.
The value of Ur required for the heat pump system to be favorable

grows rapidly as Q moves away from the minimum point.

ratio

As the condenser temperature increases the compression ratio
required in the compressor decreases while the latent heat of
vaporization of the refrigerant decreases. This causes the circulation
rate of the refrigerant to increase while the energy consumed by the
compressor decreases. The required value of Ur decreases slightly as
the condenser temperature increases as is shown in Figures 30 through
4.

The effects of the tempekature di fference between the reboiler
and the condenser is shown in Figures 42 through 53. An increase in
the temperature difference causes both the compression ratio and the
circulation rate to increase. The required value of the utility ratio
therefore increases rapidly. The value of Q where no trim-heater

ratio

or trim-cooler is required is decreased due to the increase in heat
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added in the compressor. The required utility ratio increases
rapidly with an increase in temperature difference as is shown in the

figures. The 0.5 Q line increases less rapidly due to the shift

ratio
in the no trim-exchanger point.

The energy recovery option is utilized when the energy released
in the trim-cooler is transferred to a boiling fluid (either the
refrigerant used or water depending on the temperature). The receiving
fluid is at the same temperature as the boiling process fluid in the
reboiler. A credit is taken for this energy at a fraction of the steam
cost based on the temperature of the boiling fluid.

Graphs in Figures 12 to 53 are used to determine whether a heat
pump system applied to aspecific column will beeconomically feasible,
The effects of the four variables on the required utility ratio are
additive in nature. For example, a column with a reboiler heat duty
of 200 mi]]ion‘BTU/hr, a heat duty ratio of 1.0, a condenser tem-
perature of 610 degrees Rankine, and a temperature difference of
30 degrees Rankine would require a utility ratio of 0.42 for the .
medium load forecast and a R-114 heat pump. This was determined by
first consulting Figure 13 where a value of 0.30 was found for a

200 million BTU/hr column with a Q of 1.0. Next, Figure 45 was

ratio
consulted and the required utility ratio was found to increase from
0.30 where the temperature difference was 10 to a value of 0.42 where
the temperature difference was 30. The combined effects of these

two variables determines a value of 0.42 Finally, Figure 33 was

consulted, and the required utility ratio was found to remain at
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a value of 0.30 while the condenser temperature changed from 560
degrees Rankine to 610. When this effect is combined with the previous
value, the result is the expected 0.42, This value is compared with
the actual utility ratio for the medium TVA forecast. If this

actual value is greater, then the heat pump system is economically
feasible. [If the actual value is less, then the heat pump system

may still be economically feasible provided that the difference
between the two values is not great.

The heat pump system is favored by distillation columns that
have large reboiler heat duties, heat duty ratios near the no trim-
exchanger point and low temperature differences. The heat pump
system requires a utility ratio of at least 0.30 to be an economically

feasible alternative.



CHAPTER XI
SPECIFIC CASE ANALYSIS

This analysis is broken into two parts: a qualitative part
and a quantitative part. The qualitative deals with whether a heat
pump system is worth considering and what options regarding the heat
pump system should be considered. The quantitative part is a com-
parison of the options under consideration on the basis of the
required additional investment for the option and the.return on that
investment.

The analysis used is best explained with the use of an example.
The example distillation column is one from a distillation train that
is used in a wood to ethanol plant developed by Juan Ferrada.26 The
column chosen is an azcotropic distillation column where benzene is
added to an ethanol-water solution to obtain a product stream richer
in ethanol than that obtained without the benzene. Vapor is drawn
off the top of the column at 614.0 degrees Rankine and is returned as
a liquid at 601.4 degrees Rankine, for an average condenser tem-
perature of 608.0 degrees Rankine. The reboiler heat duty is 56.6
million btu/hr with a heat duty ratio of 1.019. The temperature

difference between the reboiler and condenser is 30.8 degrees Rankine

and the column has an operating pressure of 1.0 atm.
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Qualitative

The first step is to determine a levelized utility ratio
present over the lifespan of the project. This is done by determining
the net present worth of 1 BTU in each year of both electricity and
natural gés. Then the net present worth of the natural gas is divided

by that of the electricity to give the levelized utility ratio:
Ur = Gr/Er

where Ur is the utility ratio, Gr is the net present worth of the
natural gas and Er is the net present worth of the electricity. With
the project starting in 1987 and using a 10 percent discount rate,
the utility ratios for the three TVA load forecasts are 0.249 for the
low forecast, 0.271 for the medium forecast, and 0.287 for the high
forecast.

With the utility ratio found, the graphs in the previous
chapter are consulted. The minimum required utility ratio is deter-
mined by the method described there. This value is compared with the
utility ratio present and if the present value is larger, then a heat
pump system should be considered. If the present value is less, as it
is for the example column, then the heat pump system is not favored.
A heat pump system that utilizes one of the options discussed later
may still be worth considering provided that the present value is at
least in the same order of magnitude.

The example column requires a utility ratio of about 0.45 for

both a system using R-114 and a system using R-113. This value does
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not remove the heat pump system from consideration provided an option

can still be used.

Quantitative

Tables 1 through 12 outline the major expenses of the heat
pump system with an external working fluid. The first six tables are
for a system using R-114 and the rest are for a system using R-113.
Tables 1 through 3 outline the capital investment required for the
R-114 system. Tables 4 through 6 are discounted cash flow tables for
each of the three forecasts using the actual utility ratio. The
return on investment shown is not favorable.

The next set of tables (Tables 13 through 24) outline basically
the same heat pump system but with the compressor being driven by a
steam turbine rather than an electric motor. This increases the
capital cost of the compressor by 15 percent but reduces the energy
cost. The cost of steam was estimated as before as the cost of the
natural gas required to produce it subjected to an 80 percent boiler
efficiency. A turbine efficiency of 70 percent was used. These
tables show that this is a favorable option.

Using the graphs from the previous chapter for this option
requires that the utility ratio be redefined as the ratio of the cost

to supply energy to the conventional reboiler to the cost to supply

energy to the heat pump compressor on a $/million BTU basis. After




114

Table 1. Equipment Specifications for the Conventional and Heat Pump
Systems Using R-114 and an Electric Compressor

Item No. Req. Size Each Material Const.
Condenser 1 7223.216 Sq. Ft. Carbon Steel
Reboiler 9 9207.785 Sq. Ft. Carbon Steel
Trim-Cooler 1 2775.952 Sq. Ft. Carbon Steel
Innercooler 1 1892.207 Sq. Ft. Carbon Steel
Start-Up Boiler 1 1307.551 Sq. Ft. ~ Carbon Steel
Compressor 2 2423.278 HP Carbon Steel

Conventional System

Condenser 1 6942.006 Sq. Ft. Carbon Steel
Reboiler 1 1492.556 Sq. Ft. Carbon Steel

Table 2. Purchased Equipment Cost for the Conventional and Heat Pump
Systems Using R-114 and an Electric Compressor
(in 1984 dollars)

Item No. Req. Cost Each Total Cost
Condenser 1 87258,206 87258.206
Reboiler 1 101726.614 915539.531
Trim-Cooler 1 39732.297 39732.297
Innercooler 1 31185.415 31185.415
Start-Up Boiler 1 32589.903 32589,903
Compressor 2 243187.574 486375.148
Total 1592680.516

Conventional System

Condenser 1 85095.585 85095.585
Reboiler 1 35432.788 35432.788

Total 120528.373




Table 3. Capital Investment for the Conventional System and Heat
Pump System Using R-114 and Electric Compressor
(in millions of 1984 dollars)

115

Item

Heat Pump

Conventional

Purchased Equipment
Installation
Control Systems
Piping

Electrical
Buildings

Yard Improvements
Service Facilities

Total Direct Cost
Engineering
Construction
Total

Contractor's Fee
Contingency

Fixed Capital
Working Capital
~Total Capital

Total Additional Capital Investment
for the Heat Pump System

[en N as] (8] — OO0 -0 —

()]

.5927
.7486
.3345
.0512
.2230
.2867
.1593
.1149

.5107

.5256
.6530

.6893

.3345
.6689

.6926
.3697
.0624

Direct Costs

Indirect Costs

8.3765

(an] QOO OOOOO

(e N an]

o o o

.1205
.0566
.0253
.0795
.0169
.0217
.0121
.0844

.4170
.0398
.0494
.5062

.0253
.0506

.5822
.1037
.63858
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Table 7. Equipment Specifications for the Conventional and Heat Pump
Systems Using R-113 and an Electric Compressor

Item No. Req. Size Each Material Const.
Condenser 1 7311.029 Sq. Ft. Carbon Steel
Reboiler 10 9990.874 Sq. Ft. Carbon Steel
Trim-Cooler 1 2428.114 Sq. Ft. Carbon Steel
Innercooler 1 2542.016 Sq. Ft. Carbon Steel
Start-Up Boiler 1 1356.505 Sq. Ft. - Carbon Steel
Compressor 2 2369.723 HP .~ Carbon Steel

Conventional System

Condenser 1 7031.314 Sq. Ft. Carbon Steel
Reboiler 1 1492.131 Sq. Ft. Carbon Steel

Table 8. Purchased Equipment Cost for the Conventional and Heat Pump
Systems Using R-113 and an Electric Compressor
(in 1984 dollars)

Item No. Req. Cost Each Total Cost
Condenser 1 87927.136 87927.136
Reboiler 10 107111.947 1071119.469
Trim-Cooler 1 36508.782 36508.782
Innercooler 1 37582.009 37582.009
Start-Up Boiler 1 33355.811 33355.811
Compressor 2 238771.715 477543.430
Total 1744036 .656

Conventional System

Condenser 1 85785.834 85785.834
Reboiler 1 35426.413 35426.413

Total 121212.247




Table 9. Capital Investment for the Conventional System and Heat

Pump System Using R-113 and Electric Compressor

(in millions of 1984 dollars)
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Item

Heat Pump -

Conventional

Purchased Equipment
Installation
Control Systems
Piping

Electrical
Buildings

Yard Improvements
Service Facilities

Total Direct Cost
Engineering
Construction
Total

Contractor's Fee
Contingency

Fixed Capital
Working Capital
Total Capital

Total Additional Capital Investment
for the Heat Pump System

— OO0 —00 —

()]

[N e

o OO

.7440
.8197
.3662
L1511
.2442
.3135
1744
.2208

.0344
.5755
L7151
.3250

.3662
.7325

.4237
.4999
.9236

Direct Costs

Indirect Costs

9.2339

o OOOCCOOCOOO

oo

OO O

o

1212
.0570
.0255
.0800
.0170
.0218
.0121
.0848

.4194
.0400
.0497
.5091

.0255
.0509

.5855
.1042
.6897
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Table 13. Equipment Specifications for the Conventional and Heat Pump
Systems Using R-114 and a Steam Compressor

Item ~ No. Req. Size Fach Material Const.
Condenser 1 5465.305 Sq. Ft. Carbon Steel
Reboiler 8 9654.093 Sq. Ft. Carbon Steel
Trim-Cooler 1 2988.887 Sq. Ft. Carbon Steel
Innercooler 1 1647.495 Sq. Ft. Carbon Steel
Start-Up Boiler 1 1297.314 Sq. Ft. Carbon Steel
Compressor 2 2623.689 HP Carbon Steel

Conventional System

Condenser 1 6942.769 Sq. Ft. Carbon Steel
Reboiler 1 1492.556 Sq. Ft. Carbon Steel

Table 14. Purchased Equipment Cost for the Conventional and Heat Pump
Systems Using R-114 and a Steam Compressor
(in 1984 dollars)

Item No. Req. Cost Each Total Cost
Condenser 1 73157.835 73157.835
Reboiler 8 104815.664 838525.313
Trim-Cooler 1 41632.189 41632.189
Innercooler 1 28571.967 28571.967
Start-Up Boiler 1 32428.412 32428.412
Compressor 2 298494.813 596989.625
Total 1611305.344

Conventional System

Condenser 1 85101.495 85101.495
Reboiler 1 35432.788 35432.788

Total 120534 .283




Table 15. Capital Investment for the Conventional System and Heat

Pump System Using R-114 and a Steam Compressor
(in millions of 1984 dollars)
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Item

Heat Pump

Conventional

Purchased Equipment
Installation
Control Systems
Piping

Electrical
Buildings

Yard Improvements
Service Facilities

Total Direct Cost
Engineering
Construction
Total

Contractor's Fee
Contingency

Fixed Capital
Working Capital
Total Capital

Total Additional Capital Investment
for the Heat Pump System

— O OO —~00O —

(8]

~ oo (o] (e M ev]

6113
.7573
.3384
.0635
.2256
.2900
1611
1279

.5751

5317
.6606

L7675

.3384
.6767

.7826
.3857
.1683

Direct Costs

Indirect Costs

8.4825

o OO OOOOOO

oo

o OO O

.1205
.0567
.0253
.0796
.0169
.0217
0121
.0844

L4170

.0398
.0494

.5062

.0253
.0506

.5822

0.1037

.6858
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Table 19. Equipment Specifications for the Conventional and Heat Pump
Systems Using R-113 and a Steam Compressor

Item No. Req. Size Each Material Const.
Condenser 1 5394.071 Sq. Ft. Carbon Steel
Reboiler 8 9308.844 Sq. Ft. Carbon Steel
Trim-Cooler 1 2701.829 Sq. Ft. Carbon Steel
Innercooler 1 2171.657 Sq. Ft. Carbon Steel
Start-Up Boiler 1 1342.196 Sq. Ft. Carbon Steel
Compressor 2 2688.796 HP Carbon Steel

Conventional System

Condenser 7035.549 Sq. Ft. Carbon Steel
Reboiler 1492.131 Sq. Ft. Carbon Steel

Table 20. Purchased Equipment Cost for the Conventional and Heat Pump
Systems Using R-113 and a Steam Compressor
(in 1984 dollars)

Item No. Regq. Cost Each Total Cost
Condenser 1 72553.747 72553.747
Reboiler 8 102430.820 819446 .563
Trim-Cooler 1 39058.457 39058.457
Innercooler 1 34021 .957 34021.957
Start-Up Boiler 1 33133.005 33133.005
Compressor 2 304555.230 609110.461
Total 1607324.188

Conventional System

Condenser 1 85818.486 85818.486
Reboiler 1 35426.413 35426.413

Total 121244.899




130

Table 21. Capital Investment for the Conventional System and Heat
Pump System Using R-113 and a Steam Compressor
(in millions of 1984 dollars)

Item Heat Pump Conventional
Direct Costs
Purchased Equipment 1.6073 0.1212
Installation 0.7554 0.0570
Control Systems 0.3375 0.0255
Piping 1.0608 0.0800
Electrical 0.2250 0.0170
Buildings 0.2893 0.0218
Yard Improvements 0.1607 0.0121
Service Facilities 1.1251 0.0849
Total Direct Cost 5.5613 0.4195
Indirect Costs

Engineering 0.5304 0.0400
Construction 0.6590 0.0497
Total 6.7508 0.5092
Contractor's Fee 0.3375 0.0255
Contingency 0.6751 0.0509
Fixed Capital 7.7634 0.5856
Working Capital 1.3823 0.1043
Total Capital '9,1457 0.6899
Total Additional Capital Investment 8.4558

for the Heat Pump System
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this ratio is modified to remove the efficiency ratings used in
preparation of the graphs (80 percent boiler efficiency and 95 percent
motor efficiency) an equivalent present utility ratio of 0.59 was
arrived at.

The options that could be considered regarding configurations
are as follows: column overhead vapor as the working fluid, column
bottom's liquid as the working fluid and temperature reservoirs. The
column bottom's liquid was not considered in this study because the
column operating pressure is just 1 atmosphere and this option would
require a large vacuum in order to obtain a boiling liquid at a tem-
perature below that of the condensing overhead fluid. The temperature
reservoir option was not considered because of the need to expand this
example to an entire plant for this option to be an improvement over
the basic configuration, and the required information was not avail-
able. Therefore, only the overhead fluid as working fluid was
considered.

The column overhead as working fluid option is illustrated
in Figure 6 (p. 31). The major advantage of this option is the
removal of the column condenser. The major drawback to this option
is that the overhead fluid will be exposed to the compressor lubricant
and the high temperature at the compressor discharge. The economics
of this option are developed in Tables 25 through 30. This option has

a favorable return on total investment. Tables 31 through 36 outline

this option but with a steam turbine driven compressor instead of an
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Table 25. Equipment Specifications for the Conventional System and
Heat Pump System Using Overhead Fluid and Electric

Compressor
Item No. Req. Size Each Material Const.

Reboiler 1 7235.457 Sq. Ft. Carbon Steel
Trim-Cooler 1 1150.477 Sq. Ft. Carbon Steel
Innercooler 1 488.474 Sq. Ft. Carbon Steel
-Start-Up Boiler 1 1383.714 Sq. Ft. Carbon Steel
Compressor 1 707.670 HP Carbon Steel
Conventional System 1

1
Condenser 1 7612.510 Sq. Ft. Carbon Steel
Reboiler 1 1502.020 Sq. Ft. Carbon Steel

Table 26. Purchased Equipment Cost for the Conventional System and
Heat Pump System Using Overhead Fluid and Electric

Compressor
(in 1984 dollars)

Item No. Reg. Cost Each Total Cost
Reboiler ' 1 87351.628 87351.628
Trim-Cooler 1 22770.998 22770.998
Innercooler 1 13251.188 13251.188
Start-Up Boiler 1 33777.116 33777.116
Compressor 1 88632.330 88632.330
Total 245783.264
Conventional System
Condenser 1 90201.575 90201.575
Reboiler 1 35574.620 35574.620

Total 125776.195




Table 27. Capital Investment for the Conventional System and Heat
Pump System Using Overhead Fluid and Electric Compressor
(in mi1lions of 1984 dollars)
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Ttem

Heat Pump

Conventional

Purchased Equipment
Installation
Control Systems
Piping

Electrical
Buildings

Yard Improvements
Service Facilities

Total Direct Cost
Engineering
Construction
Total

Contractor's Fee
Contingency

Fixed Capital
Working Capital
Total Capital

Total Additional Capital Investment
for Heat Pump System

OO0 OCOOOO0O

o

(@ aw)

.2458
.1155
.0516
.1622
.0344
.0442
.0246
L1720

.8504
.0811
.1008
.0323

.0516
.1032

.1871
2114
.3985

Direct Costs

Indirect Costs

0.6828

o OOOOOOCOO

[a)

.1258
.0591
.0264
.0830
.0176
.0226
.0126
.0880

.4352

.0415

0.0516

o

o O O oo

.5283

.0264
.0528

.6075
.1082
L7157
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Table 31. Equipment Specifications for the Conventional System and
Heat Pump System Using Overhead Fluid and Steam

Compressor
[tem No. Req. Size Each Material Const.

Reboiler 1 3609.149 Sq. Ft. Carbon Steel
Trim-Cooler 1 1166.021 Sq. Ft. Carbon Steel
Innercooler 1 384.547 Sq. Ft. Carbon Steel
Start-Up Boiler 1 1383.714 Sq. Ft. Carbon Steel
Compression 1 976.491 HP Carbon Steel
Conventional System

Condenser 1 7612.510 Sq. Ft. Carbon Steel
Reboiler 1 1502.020 Sq. Ft. Carbon Steel

Table 32. Purchased Equipment Cost for the Conventional System and

Heat Pump System Using Overhead Fluid and Steam

Compressor
(in 1984 dollars)

Item No. Req. Cost Each Total Cost
Reboiler 1 56281.854 56281.854
Trim-Cooler 1 22964 .966 22964 .966
Innercooler 1 11391.871 11391.871
Start-Up Boiler 1 33777.116 33777.116
Compressor 1 132726.164 1322726.164
Total 257141.973
Conventional System
Condenser 1 90201.575 90201.575
Reboiler 1 35574.620 35574.620
Total 125776.195




Table 33. Capital Investment for the Conventional System and Heat
Pump System Using Overhead Fluid and Steam Compressor
(in millions of 1984 dollars)
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Item

Heat Pump

Conventional

Purchased Equipment
Installation
Control Systems
Piping

Electrical
Buildings

Yard Improvements
Service Facilities

Total Direct Cost
Engineering
Construction
Total

Contractor's Fee
Contingency

Fixed Capital
Working Capital
Total Capital

Total Additional Capital Investment
for Heat Pump System

o OCOOOOOCOOO

oo

—

.2571
.1209
.0540
.1697
.0360
.0463
.0257
. 1800

.8897
.0849
.1054
.0800

.0540
.1080

.2420
2211
.4631

Direct Costs

Indirect Costs

0.7475

o OOOOOCOO0O

o

.1258
.0591
.0264
.0830
.0176
.0226
.0126
.0880

.4352

.0415

0.0516

OO O

o o O

.5283

.0264
.0528

.6075
.1082
.7157
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electrically driven compressor. In both of these systems, a trim-
heater is required in spite of the heat duty ratio of 1.019. This is
due to the reduction in the latent heat of vaporization of the over-
head fluid as the temperature is increased (see Figure 2, p. 5).

The results of this study of heat pump system options are
summarized in Table 37. It is apparent that the economic feasibility
of these options have major effects upon a heat pump system. A heat
pump system should be considered when the required utility ratio
(from the graphs in the previous chapter) is less than the actual
utility ratio, less than 0.59 for a steam driven compressor, or when
the overhead fluid can be used as the heat pump working fluid.

The most promising option for the ethanol-water separation
column appears to be the overhead fluid as the heat pump refrigerant.
A1l three components have high enough critical temperatures that the
exposure to the compressor discharge temperature is not a significant
drawback. The ethanol product is to be fuel grade so contamination
by exposure to the compressor lubricant is also not significant pro-
vided that lubricant loss is minimized. The return on the additional
investment of 45 percent is favorable.

The use of a steam driven compressor showed promise but failed
to show a favorable return on the additional investment. The return
on investment was 0.07 while the electrically driven heat pump system

has a return on additional investment of -0.02.
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CHAPTER XII
CONCLUSIONS AND RECOMMENDATIONS

This project was divided into two parts. In the first part
the effects of five variables on the economic feasibility of a heat
pump system were studied. The first of these variables, the utility
ratio, was defined as the ratio of the natural gas rate to the
electric rate on a dollar per million BTU basis. The utility ratio
was used as a measure of economic performance by determining the
utility ratio required for the heat pump system to be economically
feasible and comparing it to the actual value of the utility ratio
predicted. |

The second variable, the reboiler heat duty, was found to have
a major impact when the heat pump system was economically feasible.
The heat pump system was favored only where the reboiler heat duty
was large. This is due to the benefits increasing faster than the
cost of the heat pump system with increases in the reboiler heat duty.

The third variable, the heat duty ratio defined as the ratio
of the condenser heat duty to that of the reboiler, was found to also
have a major impact. The heat pump system was most economically
feasible if the heat duty ratio was such that neither a trim-cooler
nor a trim-heater were required. The cost of supplying the heat pump
system with additional cooling or heating becomes prohibitive and the
required utility ratio increases rapidly as the heat duty ratio moves
away from the no trim-heater point.
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The fourth variable, the condenser temperature, was found to
not have a major impact on the economic feasibility of the heat pump
system. It caused slight reductions in the required utility ratio
with increases in the condenser temperature. This was caused by
increases in the refrigerant circulation rate offset by reductions
in the compression ratio as the condenser temperature was increased.

The fifth variable, the temperature difference between the
reboiler and condenser on the process side, caused large increases in
the required utility ratio as it increased. This was caused by
increases in both the refrigerant circulation rate and compression
ratio as the temperature difference increased.

In the second part, a specific column is used to compare heat
pump system options on the basis of additional investment and the
return on that additional investment. The specific column chosen was

an azeotropic distillation column used in wood-to-ethanol plant. The

required utility ratio was greater than the utility ratio projected
by TVA and the heat pump system utilizing an external refrigerant

cycle without an option was not favorable as expected.

The option of using a steam turbine to power the compressor
was a promising one. This option increases the cost of the compressor
but reduces the energy cost to drive the compressor. This was an
improvement over the electrically driven heat pump system but was not
economically feasible at this time.

The final option considered was that of using the column

overhead fluid as the heat pump refrigerant. This option reduces the
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capital investment of the heat pump system significantly by removing
the condenser. It was found to be a favorable option with a return
on the required additional investment to be 44 percent.

There are many more options that were not included in this
study that hold considerable potential. Among these are enhanced
surface heat exchangers. In this set of options, the tubes of a heat
exchanger are altered to increase the film heat transfer coefficients
or to increase the heat transfer area per length of tube. The
methods of altering tube surfaces include teflon coating to decrease
surface wetting when a fluid is condensing outside tubes, porous
surface coatings to increase the number of nucleation sites for a
boiling fluid, and fins which increase the heat transfer area per
length of tube. These methods can reduce the number of tubes
required by as much as 60 percent but increase the cost of each tube

substantially.
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APPENDIX

Three programs were written to aid in the analysis required
in this thesis. The first, Feglin.For, was used to determine the
required utility ratio of a column or the required utility ratios of
a uniform progression of column sizes. It requires the input of the
column condenser temperature, the temperature difference between the
reboiler and condenser on the process side, the reboiler heat duty,
and the ratio of the condenser heat duty to that of the reboiler. If
a uniform progression is desired, a code is used to choose which
variable is to increase, by how much and the upper Timit of the
variable chosen. A1l except the reboiler heat duty are assumed to
be arithmetic progressions while the reboiler heat duty is assumed
to be geometric. Feglin-For also requires the input of the fore-
casted electric rates for each year in the life span of the project
and the constants necessary to estimate the physical properties of
both water and the chosen refrigerant. Feglin-For is a Fortran pro-
gram that occupies 141 blocks of memory on the DEC-10. It is 2,428
Tines long and has two subroutines.

The second program is Extern.For, and it was used to determine
the return on the additional investment required by a heat pump system
utilizing an external refrigerant cycle. It requires the same input as
Feglin.For but the column condenser temperatures vary alongthe condenser
and both the inlet and exit temperatures of the column overhead fluid are

required. In addition, an input of the exit compositions of both the
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overhead fluid and bottoms liquid as well as their mass flow rates
and pressures are required. The constants necessary to estimate the
physical properties, the UNIFAC liquid activity coefficients and fore-
casted natural gas rates for each year in the 1ife span of the project
are also required. A series of six tables is generated by this
program. These tables are an equipment specification table of major
equipment, purchased equipment cost table, capital investment table,
and three discounted cash flow tables, one for each forecast.
Extern.For is a Fortran program that occupies 163 blocks of memory
on the DEC-10. It is 3,011 lines long and has four subroutines.

The third program, Overhd.For, was used to determine the
return on additional investment for a heat pump system that utilizes
the column overhead fluid as the heat pump refrigerant. It requires
the same 1npuf as Extern.For and produces a similar series of tables.
It occupies 158 blocks of memory on the DEC-10 and is 3,125 lines
long. It is a Fortran program with four subroutines.

Listings of these three programs are available through the
Department of Chemical Engineering, The University of Tennessee

(Attention Dr. J. M. Holmes), Dougherty Engineering Building,

Knoxville, TN 37996.
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