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ABSTRACT

This report presents the results of laboratory tests and calculations

conducted on a Model 606 air conditioning system designed for U. S. Army

Mobile applications. The tests were performed in the laboratory of The

ROVAC Corpor ation at 100 Rovac Parkway , Rockledge, Florida . Testing was

performed in accordance with ASHRAE Standards at the environmental con-

ditions specified in U. S. Army Contract D~.AG53—76—C-0052. The specified

test conditions were as follows: an outside or sink temperature of 125°F ,

and inside or cooling load conditions of 90°F dry bulb and 67°F wet bulb.

• The results of performance testing a steady state cooling capacity of 7200

Btu/hr at a COP of 0.544 was measured during testing. This performance

compares favorably with an overall COP on the order of 0.35 produced by

well-developed conventional air cycle turbo—machine and air cycle system

technology.

Also included in this report are calculations predicting the per-

formance of this Model 606 compressor—expander with ports designed to

• minimize por t losses and internal thermal barriers to minimize adverse

intra-Circulator heat transfer . These projections provide a basis for ex-

pecting a dry air COP in the v ic ini ty  of 1.5 for a fur ther  developed ROVAC

Circulator  and system at the specified operating conditions . Calculations

are also included which demonstrate expected 606 performance in a system

• using industry-standard heat exchangers. Notably , these calculations show

that the use of an industry-standard regenerative heat exchanger alone would

increase the existing hardware COP to 0.715.
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SECTION I

INTRODUCTION AND SUMMARY

A ROVAC positive displacement rotary vane air cycle air conditioning

system was designed, fabricated and tested at The ROVAC Corporation under

Army Contract DAAG53-76—C—0052. This report describes the system con-

figuration , test faci lities , instrumentation , test procedure, calculation

of performance and calculations of predicted performance of an improved

system.

1.1 System Configuration

The ROVAC Model 606 air conditioning system consists of a ROVAC positive

displacement rotary vane compressor-expander , heat exchangers, fans and

accessories assembled in a lubricated , closed cycle configuration . The

Model 606 compressor-expander was designed and fabricated by The ROVAC

Corporation specifically for integration into the system. The heat ex-

changers, fans and peripherals were purchased and modified to comply with

the overall system design. The heat exchangers were not industry—standard

air cycle un its and , hence , did not provide optimum system performance .

1.2 Test Facilities

Performance tests of the Model 606 air conditioning system were con—

ducted in the ROVAC test facilities in Rockledge, Florida . The construction

of a calorimetric test chamber and the test procedures were performed in

accordance with ASHRAE standards. The test cell itself consisted of a

modified refrigeration chamber with full instrumentation . •

~~~~~~~~~~~~~~~~ - —— 



1.3 Instrumentation

The instrumentation utilized during the tests was designed to provide

data for analyzing the performance of the entire system . The test cell

is instrumented to enable measurement of cooling capacity and COP. Also,

heat exchanger effectiveness and pressure loss calculations can be made

from data recorded during performance tests.

1.4 Test Conditions

Performance tests were conducted in the calorimeter at the environ—

mental conditions specified in contract DAAG53—76—C—OO52 . The environ-

mental conditions were 125°F outside or sink temperature and inside or

cool ing load conditions of 90°F dry bulb and 67°F wet bulb.

1.5 Test Procedure

rerformance tests of the Model 606 system were conducted according

to a test procedure which was based on ASHRAE standards and subject to the

approval of the Army Technical Representative . The test procedure was

written in accordance with ASHRAE standards 16—69, 31—69 and 41—66. The

procedure which was incorporated into a Test Plan was submitted to the

Army contracting officer ’s representative for approval.

1.6 Calculation of Performance

The cooling capacity , COP and heat exchanger performances were cal-

culated from the data recorded during calorimetric testing . The cooling

capacity of the system was determined to be 7200 Btu/br on 9 April 1977

operating with dry air in the system. At this time the COP was calculated

to he 0 .544 .

2
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• SEC~ ION 2

SYSTJ~1 CONFIGURATION

The air conditioning unit under test consisted of a ROVAC compressor—

expander instal led in a lubricated closed loop system configuration with

regeneration. For testing , the system was installed in a fu l ly  instrumented

calorimetric test chamber. The following sections describe the physical

configuration of the ROVAC Model 606 air conditioning system tested .

The prototype test system is a ROVAC closed loop , lubricated air cycle

system with regeneration. Figure 2.1 is a system schematic . The heart

of the system is the compressor—expander . It performs the function of

compressing , expanding and pumping the a i r .  After  the air is compressed

it is pumped into the primary heat exchanger , HX1. HX
1 

is a cross flow

plate-f in  heat exchanger . Here heat is rejected and oil which has

been entrained in the hot compressed air is separated and falls into the

sump of the heat exchanger . The air flows out of the primary heat exchanger

• to the oil separator where the remainder of the oil is removed. Then the

air passes on to the regenerator . Here the warm (approximately 125°F) com-

pressed air is further cooled by the approximately 90°F low pressure air

from the secondary heat exchanger . The high pressure air flows to the ex—

pander where work is removed to produce cooling . The cold low pressure

air is pumped into the secondary heat exchanger , HX
2
. ME 2 consists of two

General Motors automotive fluorocarbon evaporator cores connected in

3
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parallel to reduce pressure drop. From HX
2 

the air passes to the re—

- generator then on to the compresso~~.

-
• 

A lubrication system was installed to provide oil for the moving

parts of the compressor-expander and to reduce compressor—expander leakage .

The oil is coLlected in the suxnp of HX
1 
and at the base of the oil separator .

• From there the oil flows through 1/4 inch diameter lines to a filter and on

- into the hollow rotor shaft of the compressor—expander. Additional oil

li nes are installed from the low pressure side of the regenerator to the

compressor inlet manifold to drain any oil collecting there.

I
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SECTION 3

TEST FACILITY

For the testing phase of this program a calorimetric test cell was

constructed . The environment of the cell was maintained at the required

cond itions through the use of heaters , fan s, humidifiers and a manual

control system. The test chamber and environmental control system are

• discussed in this section .

• 3.1 Calorimeter

The environmental test cell used in the test program is a modified

prefab walk-in cooler (refer to Appendix A for vendor information) which

was purchased from Bally Case and Cooler, Inc. of Bally , Pa. Figure 3.1

(drawing No. G2755) illustrates the chamber as received from the vendor .

Its basic inside dimensions are: lO’— ll” long, 7 ’ —l” wide and 6’—lO”

high. The long dimension is broken by a partion which separates the cooling

load chamber from the sink or outside chamber . Walls , roof , partition and

floor panels are constructed from four inch thick urethane insulation laminated
/

between 22 ga. galvanized steel sheets. This type of construction has

several attractive characteristics . First, ureti~ 
• 
- -as a very low thermal

conductivity (abou t ha lf that of fiber glass insulation) which provides for

minimum heat transfer loss through the walls. Also, urethane is non —

hydroscopic. This and the steel sheets provide for a very effective vapor

barrier . Finally, this type of construction constitutes a very rigid and

strong structure .

6
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As shown in Figure 3.2, the chamber was modified to transform it into

an environmental test cell. Most of the modifications were made to the

cooling load side. To separate the secondary heat exchanger (the evaporator)

upstream air flow from its down—stream air flow to prevent “short—circuiting ”,

a partition was erected at the appropriate location . A mixing chamber with a

resistance heater and fans was constructed at the far side of the cooling

load chamber to facilitate proper mixing and heating of the air. Humidifica-

tion or dehumidification of the air stream can also be accomplished here.

• The hot side of the test cell is equipped with a circulation fan to

keep the air well mixed and help remove the hot air from the chamber.

3.2 Calormetric Environmental Controls

In order to maintain the required environmental conditions in the heat

• re jection and cooling load chambers , manual controls are used. In the heat

rejection chamber the opening of the door is adjusted so that hot air

can escape from the chamber and be replaced by ambient air. A circulator

fan is placed in the chamber to keep the air from stagnating. At steady—

state the door can be easily manipulated to achieve the proper chamber
/

temperature.

In the cooling load chamber the controls consist of a variable

heater and an electrically heated water container. The dry bulb temperature

of the chamber is maintained by adjusting the heater output. Humidity in

chamber is controlled by dry ing out the ambient air and b lowing it through

• the cell before the test began . When the cell door is closed the vapor

• 8
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content of the air can be increased to the required conditions by

boiling water from an electrically heated container . With these controls

and experience gained in the first tests the room air was maintained at

the required environmental conditions during steady—state testing.
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SECTION 4

INSTRUMENTATI ON

The calorimetric test cell and the Model 606 system under test were

instrumented tp provide data on test cell environmental conditions,

compressor—expander drive motor horsepower, system cooling capacity,  and

heat exchanger performance . Figure 4.1 is a schematic diagram of the

facility showing the locations of all instrumentation . Table 4.1 gives

measurement number, location of measurement and purpose.

Environmental conditions were monitored through thermocouple assemblies

(T7 , T8, and T9) and wet and dry bulb temperatures (T13 and Tl4). Watthieters

(W i and W2) were used to monitor the electrical power consumed by the three-

phase compressor-expander drive motor. The drive motor was calibrated to

enable calculation of motor shaft horsepower from the electrical power

data.

The cooling capacity of the system was calculated from wattmeter data

and checked by using psychrometric data. Wattmeters (W3 and W4) were in-

stalled to monitor the electrical power utilized in the cooling load cell

to maintain the required environmental conditions . Data on the secondary

heat exchanger were used to calculate the cooling capacity of the system

using psychrometrics. The psychrometric method of determining cooling

capacity was used as a check on the data recorded from the wattmeters.

11
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The performance of the heat exchangers was determined through the

• use of thermocouples and pressure gages. The effectiveness of the primary

heat exchanger (HX1) was calculated from the thermocouples T2 , T6 and T8.

The pressure drop across HX
1 
was determined from pressure data at P2 and

PS. For the secondary heat exchanger HX
2 
the effectiveness was calculated

from T4 , T5 and T9 and pressure drop information was derived from P4 and

P6. The effectiveness of the regenerative was determined from thermocouples

Tl , T3 and TS. Pressure data from P3, P5 , P1 and P6 was used to determine

regenerative heat exchanger pressure losses.

I
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SECTION 5

TEST CONDITIONS

Calorimeter tests were made in accordance with a test plan submitted

by The ROVAC Corporation based on ASHRAE Standards 16-69, 31-69, 41-66 and

approved by the Army RepresentatiVe. The environmental conditions to be

maintained during tests were specified in the original contract number

DAAG53-76-C00052. These conditions were as follows: a heat rejection or

sink temperature of 125°F , a cooling load temperature of 90°F dry bulb and

67°F wet bulb. These conditions were maintained during all steady state

performance tests of the Model 606 system .

/
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SECTION 6

TEST PROCEDURE

The following section outlines the procedure which was followed

during testing to determine the cooling capacity and coefficient of

performance (COP) of the MERDC ROVAC air cycle system.

1. Verify that all instrumentation is installed and operating properly

(thermocouples , thermometers , pressure gages , monometers and watt—

meters.)

2. Supply power to the 3-phase Circulator drive motor and primary heat ex-

changer fans.

3. Verify that oil is flowing through the Circulator lubrication system .

4. Pressurize the system to the desired compressor inlet pressure (closed—

loop pressure ) as read on P1.

5. Start heater and all fans .

6. Begin taking data at 16 m m .  intervals on data sheets.

7 Adjust the heater voltage transformer and water evaporator control such

that the cooling load chamber wet and dry bulb temperatures (Tl4 and

T13 ) are at 67° F and 90°F respectively.

8. Adjust the air exchange in the heat rejection chamber until the tempera-

ture at T8 is 125°F . -

9. When the test cell has reached steady state conditions begin taking data

at 15 rain, intervals for 1 hour.

18
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Shut down procedure:

1. Vent the Circulator closed-loop pressurization .

2. Shut off power to Circulator drive motor , heater and all fans.

1. 
-

L

1
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SECTION 7

PERFORMANCE DETERM INATION

• The purpose of the testing program was to measure the performance of

the ROVAC MERDC air conditioning system . This section outlines the me thods

which were used to calculate the cooling capacity , cooling coefficient of

- 
performance and other performance parameters from the raw data collected

during the testing . Also , included in this sec tion are calculations of

the existing system performance and optomized system performance.

7.1 Cooling Capacity

The cooling capacity of the system was determined by use of an energy

- balance method, then checked using enthalpy calculations . The energy

balance method consists of measuring the energy input into the cooling

load chamber required to maintain the 90°F db and 67°F wb conditions

during capacity testing . A graph of the computer predicted heat loss from

the chamber is included in this section . This graph was prepared from data

• generated by Harry Kyser Associates Inc., representatives of the Bally Case
I

- Cooler Company . The cooling capacity is calculated by subtracting the heat

loss from the energy required during steady state operation of the unit.

The following equation will be used to calculate the cooling capacity

- using the energy method .

W3+W4-HL = Cooling Capacity , H ( k w )

- 
where: W3 is the steady state wattineter measurement of energy input to

the heater .

20
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W4 is the steady state wattmet~ r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

input to the fans and blowers.

ilL is the heat energy loss f rom the cooling chamber ,

which is the sum of W3 and W4 during the heat loss test.

The entha.lpy methods consists of determining the enthalpy change of the

air blowing across the secondary heat exchanger . Then, by knowing the mass

flow rate of air being cooled , the cooling capacity can be calculated . The

enthalpy of the air entering HX
2 
is determined by comparing the temperatures

at T9 ( jus t  down stream of HX 2 fan)  with psychrometric charts . The enthalpy

of the air leaving HX
2 is determined in a similar manner using T7. The

mass flow rate of air blowing across HX
2 is derived from the static pressure

versus cfni curve for the fan . The fol lowing equation is used to cal-

cu late the cooling capacity of the air conditioning unit by the enthalpy

method:

H = ~12
(h
9
-h
7
) = Cooling Capacity

where: M
2 

is the mass flow rate across the secondary heat exchanger (HX
2
)

h
9 

is the enthalpy of the air entering 
~~ 2 

during steady state

operation .

h
7 

is the enthalpy of the air leaving HX
2 

during steady state

operation.

Deriving h
7 

from the dry bulb temperature at T7 is slightly inaccurate.

However , the enthalpy method of determining cooling capacity was used

only as a check on the results obtained using the energy method .

C 
21
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• Calorimeter Heat Loss Calculation

Predictions of the heat loss from the calorimeter over a range of ambient

temperatures have been calculated . Harry Kyser Associates , Inc. P.O. Box 15982,

West Palm Beach, Florida 33406, has supplied the computer predicted heat loss

data based on test proven values of the coefficient of thermal conductivity.

The data was generated for the steady state operating conditions in each

chamber , 75°F floor temperature , and a range of ambient temperatures from

60°F to 125°F. Figure 7.1 is a graph of the computer predicted heat loss from

the cooling load chamber versus the ambient temperature, TAMB.

7.2 Coeff icient  of Performance

The coefficient of performance of the ROVAC system was calculated from

data indicating the energy supplied to maintain the cooling load chamber

at 90°F db and 67°F wb and the energy required to drive the Circulator.

The readings on wattmeters Wi and W2 were added to calculate the total

energy being used by the 3 phase drive motor during steady state test

operation. The losses in the motor due to inefficiencies were compensated

for by use of the calibration data supplied by MERDC with the motor. The

COP of the compressor-expander was then calculated from the ratio of the

cooling capacity to the actual energy supplied to the Circulator. The

following equation was used to calculate the COP of the system:

COP = 
Cooling Capacity
Motor horsepower

Where Motor horsepower is the actual horsepower of the three phase cal—

ibrated drive motor as converted from calibration data. Figure 6.2

22
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and 7 ,3 are graphs made f rom calibration data on a 5 horsepower motor.

Figure 7.-I i~; a graph of calibration data from a 7 1/2 horsepower motor.

In addition to the calculations performed to determine the cooling

capacity and COP of the system from test data, ca lcu lations were made to

pred ict the El f fect of performance of enhanced port z rd heat exchanger

efficiency and minimization of intra—Circulator heat transfer.

7.2.1 Ex amp le Calculation of Cooling Capacity (H) and COP of System

(Data Taken In Calorimeter Test on 3/9/77)

Cooling Capacity,  Q:

Q = W 3+W4

W3 = 1.365 kW W4 = .321 kW*

Q=l.686 kW

Q = 5754 Btu/hr

COP :

I

COP Cooling Capacity
Work Required

*One hour average values from steady state test data of 3/9/77.
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Work Requ ired = Shaf t Horsepower determined from Wl +W2

converted f r o m  drive motor performance graph

(Figure 6.1)

Wi = 1.515kw W2 = 3.075 kW*

Wor)c Required = 4.75hp 12,084 Btu/hr.

5754
COP = 

12,084 
= 0.476

Check of Cooling Capacity (H) Check Using Enthalpy Method:

Cooling Capacity , H = M2 (h9
-h
7
)

T7 = 86.25°F

T9 = 95.75°F

T13= 90.9°F

T14 67.75°?

Find h
9 

and h
7
:

from Tl3 and T14 the humidity ratio = .009 
ibm mo4~ture

ibm air

@ T9 = 95.75°F and .009 ibm moisture
ibm air

8 T7 = 86.25°F and .009 
lbm moisture
ibm air

= 30.7

H = 
~ 2 (h

9
-h

7
)

(570 ft
3
/min) (.073 

ibm
3) (

60 mm )

*Ofle hour average values from steady state test date of 3/9/77.
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I

• = 2497 ibm/hr

Q = 2 497 
ibm 

(33—30.7)

Q 5744 3tuh

7 . 2 . 2  Heat Exbhanger Performance

The performance of the heat exchangers was analyzed for effectiveness

and internal pressure losses. The thermocouples thstalied in the inlet

and outlet of the heat exchangers were used to calculate the eff ectiveness

of the heat exchanger .

The regenerator (RHX) effect iveness is:

I
T -T• 6 3E 

RHX 
- 

T6
-T

The effectiveness of the primary heat exchanger (HX
1
) is:

Eff Hx 
= _____

The effectiveness of the secondary heat exchanger (HX ) is :
2

T
4

-T
5

Ef f  =
HX 2 T4

—T
9

The internal pressure loss through each heat exchanger is determined from

pressure readings taken throughout the system.

29



Analysis  of the performance of the heat exchanger makes it possible

to determine if the performance of the system could be improved by re-

placing the heat exchangers with more efficient ones. Also, the analysis

makes it possible to obtain a clear er picture of what the actual ~5erforirtance

of the Circulator would be if the characteristic of the peripheral equipment

were optimized .

Heat Exchanger Performance Calculations

Steady State Calorimeter Data from March 9, 1977

Regenerator Eff ectiveness , Eff RMX :

T -T
6 3

RHX T -T
5

132—110.75 
— 

21.25— 132—94.75 — 

37.25

E f f  .57
RHX

The very low effectiveness of the regenerative heat exchanger imposed an

adverse effect upon actual system performance.
/

Primary Heat Exchanger Effectiveness, Eff
Ex

3-

~~ C ( T -T
Eff ip 2 6

HX ~~C CT -T )
1 ip  2 8

Where ~I . is the system internal and minimum mass flow rate:

(T
2
—T

6)E f f  = 
THX~, (T 2 ~~

Eff  .956
HX 1

30



Secondary Heat Exchanger Effec tiveness Eff
2

M C ( T -T ) (T -T )
Ef f  =~~~‘~~~ ~‘ = ~

HX 2 M . C ( T
4

—T
9

) (T 4 —T
9

)

• 30.5—94.75 64.25
30 ,5—95.75  — 65.25

- • Eff
Hx 

= 0.985
2

Pressure losses Across Heat Exchangers

high pressure = 1.0 psi

low pressure = 0.7 psi

~~ HX = 0.68 psi
1

= 0.55 psi
HX 2

The pressure losses across the regenerator are relatively high. These

values should be more in the 0.25 to 0.35 psi range. This poor regenerator

flow efficiency imposes yet another adverse effect upon the efficiency of 
-

the actual test system.
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7 .3 Performance Projections & Discussion

Noting the significant advancement in the performance of the 606

• machine as contrasted with that of the original Army 209 system (U .S . Army

Contract No. DAA G53-76—C—0052 ) it becomes important to generate meaningful

projections of expected performance in a further developed Circulator and

system . It has already been pointed out that the low effectiveness and

high pressure loss associated with the regenerative heat exchanger imposed a

system adversity . However , the heart of the system , the Circulator , bears

the largest potential for overall system performance improvement. D6t-iled

Company-funded research on various present—generation Circulators has

delineated two specific areas of future Circulator design improvement:

1. Minimization of Intra— Circulator  Heat Transfer

2 .  Max imization of High Pressure Port Performance

Knowledge of the second item , high pressure port per formance, has

been in hand for some time , While both the compressor discharge port

over—pressure and the expander inlet port drop are both important, the

dominant loss is the expander port. This is because a loss here counts

twice: first as a reduction in expander energy recovery and second as a

reduction in expander flow temperature drop . The compressor discharge

over—pressure , on the other hand , only counts once : added compressor work.

It has been theoretically and experimentally determined through ±ri—

house development that the major shortcoming of the present 606—type of

expander ports are couched in their variable velocity nature . Thus,

32
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steps have- been taken to devise constant—veloci ty  (constant-cross sectional

flow area) por t geometry.  A mani fes ta t ion  of this e f f o r t  has been the so—

called “Baby—Bottom ” geometry that consists basically of a centrally lo-

cated radial feed circular inlet region that fans axially and circumfer—

en t i ally  to mainta in  an approximately constant area flow path . This

geometry has been tested in a 217 machine arid is showing moderately Un-

proved performance. It is recommended , of course , that such port flow

improvements be factored into ary advanced compressor—expander system for

ME RDC .

Knowledge in the area of in t ra—circula tor  heat t ransfer  on the other

hand ; is relatively recent and also a result of company-funded advanced

Circulator development act ivi t ies .  It  has been learned that expander

ef f ic iency  has been eroded by two major  factors: high fr equency transient

heat flow f rom the rotor surface to the expander as well as stator shell

heat conduction from the compressor section to the expander section.

The t ransient  rotor heat transf er arises from the combination of the

relatively high temperatures reached by the air during compression and the
/

subsequent high f i lm coef f i c i e nt arising from the high velocity tangential

air flow “scrubbi ng~’ past the rotor during the compressor discharge process.

This combinat ion forces the f l ow of heat into the rotor periphery during

the compressor discharge process. When this hot rotor surface passes into

the expand er in take region , the relatively cool expander inlet flow “scrubs ”

the heat back off  the rotor surface thu s delivering it into the expander
- 

- in let  flow .
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The stator shell heat flow is f undam entally a heat conduction

• phenomena which is aggravated by the turbulence—induction caused by the

rapidly moving vane tips as they pass very near to the expander (and com-

pressor) stator walls . This induced turbulence serves to increase the net

convective f i l m  coefficient arising between the expanding air and the hot

expander walls.

The high frequency heat t ransfer  factor is to be dealt with through the

• use of an oil-cooled high d i f fu s i vi t y  (aiwn inum ) rotor . The high d i f f u s i vi t y

proper ty prov ides a relatively low rotor surface temperature rise dur ing the

• compressor discharge process. As well , the rapid propagation of thermal energy

through the peripheral surface of the rotor then proceeds to the oil—cooled

section of the rotor where it is absorbed and carried away , thus avoiding a

substantial rise in the steady-state rotor surface temperature.

The stator conduction flow will be arrested by approximately 1/16”

coating of phenolic insulation applied to the endcap surfaces. This

coating,  due to its very low conductivity will ef fectively stop stator

thermal flow from the compressor to the expander . However, to further
/

enhance the effectiveness of this coating , the endcaps are also to be

cooled by the same flow of lubricating/cooling oil passing through the

rotor. As well , this thermal insulation is to be applied between the two

halves of the stator housing itself as well as to the expander stator

sectiOn.*

*Al1 the improvements men tioned here have already been factored into the
design of the ROVAC model 222 Circulator and actual testing has shown
s ign i f i cant improvemen t in steady—state performance. These improvements -
are receiving further developmental refinement.
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Wi th these basic improvements ahead , meaning ful  estimates of their

advent can be made based upon exisiting 606 test data. The fol lowing

section deals wi th these estimates . The first set of calculations include

an improved regenerative heat exchanger; the second set include good heat

exchanger performance and improved Circulator ports, and the third set

include good heat exchangers , improved ports and reduced compressor-to-

expander thermal short—circuit ing.
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7 .3 .1  Performance Estimates of 606 System with Industry—Standard

~~9enerator Performance

The following analysis and calculations employs example data taken

during the various tests and identifieis an estimate of performance im-

provement that can be expected by replacing the present regenerator with

an optimized industry—standard regenerator .

Actual Regenerative Heat Exchange Perf ormance:

H Eff
~~~x = 0 .57 AP

RHX = 1.0 psi
actual high press actual

~~
‘RHX 0.70 psi

low press actual

Optimized Industry—Standard Regenerator Performance:

Ef f
~~~x 

= 0.95 
~~ RI1X - 

= 0.3 psi
Opt. high press opt.

= 0.30 psi
• low press opt.

• Other Component Efficiencies: (analysis employs these actual values)

k Eff  = 0.956 Eff  = 0.985
3 I-1X

1 HX2

- ~p = 0.68 psi t~P = 0.55
1 2

Calculations: State Points

• TN B 12 5 F T
8
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T
6 

= T
2
— Eff

Ex 
(T
2—T8

) 764 - .956 (7 64—585 )

T
61 l33F *

• T4 = 2’IF (measured 9/4/77)

T 51~~ T
4 

— Ef f Hx (T 4
_T

g ) = 485 — 0.95 (485—550)

T5,  87F

T31 T
6 

— Eff
~~~x 

(T
6

—T
5

) = 593 — .95(593-547)

T3,  89F

p
1 14. 7 psi.a

P2 1  46.30 psia

46.30 — .70 45.6 psia

P3, = 46.60 — .30 = 45.30 psia

P
6 , = 14. 7 + .30 = 15.00 psia

15.00 + .55 = 15.55 psia

Net Polytropic Index:

~ e = 
[+  

in / ln 

-i

*~~~(~rc ( ‘ ) indicatcI~ “improved ” values .
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- = [~ + in  (
~~~

) lb

n = 1.1727
e

.1727

T4,= T3, (P4) 
r 

= ~~~ (~:~) 1.1727

• = 9°F

9°F

Thus the cooling capacity would increase by a factor o f :

T9
—T4, 

— 
90-9 

= 1 2 46
T
9
—T
4 

— 
90-25

- 
The additional work recovery due to the 0.7 ps ia loss recovery during

expansion iS:

- n - i

= 

n R  T4 ,  [(i5.s5+.7~t — 1
- rec n — i 1k 15.55

exp 0 L’
- 

.1473

= 
1 7  

(5 3 . 3 5) (469) ((~:~-~) 
_l)

- 

1108 ft_lh
f

The work recovered with  the ex i s t inq  reqenerator is:



n R T  . 3
= ~~~ I(!~~ \ ‘1

exp n — i  Lk 45.3 0 ’

= 29088 f t_ l b
f

The energy recovery factor can now be calculated as:

— 
29088 + 1108 — 1 038

29088 
—

Of course , approxima tely the same magnitude of decrease in compressor work

arises due to the decreased pressure loss through the regenerative heat

exchanger.

The sum of these improvement factors totals about 32%. Thus the

addition of an industry standard regenerator in the present 606 system

could increase the coefficient of performance to:

COP ’ =1.32:. (.541) = .715

Thus , the simple substitution of a good quality regenerative heat ex-

changer into the existing ROVAC system would bring about a substantial

performance improvement.

7.3.2 Calculation of System COP with Optimized Constant-Area High
Pressure Porting and Industry Standard Heat Exchangers.

The measured pressure loss from compressor discharge to expander inlet

has been determined through rotating pressure transducer measurements to

be approximately 6.0 psi , accounting for the pressure loss in HX
1
. As a

result of port f low analysis  it is expected that a constant—area/constant

velocity high pressure port configuration will reduce this 6.0 psi loss to

onl y a 1.5 psi loss. The following calculations estimate the improvement

possible in system performance r e su l t ing  from optimized port flow.
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Increase in ~-xpander temperatu~~ ~~~~

.1473
— T  15.55

4” 
— 

3’ k’i~ .~ + 4 . 5

F T4,, = 2.5°F

Thus , the cooling capacity will increase somewhat by the following

factor :

T9 — T41,~~~~~~_ 2 . 5 
= 1.346

T9 
— T4 90—25

This amounts to an increase of 
L3 

1.0802

over the non-improved port machine employing an improved regenerator .

Increase in expander work recovery

n RT i- .1473
= 

e 4” t ( 15 .55  + ~~~~~~~~~

ewc n —l 15.55 /
exp e

+
1.~
;;

~~ (53 .35)  (463)  ( .038 15) =

L~FW = 6399 f t—lb
rec fexp

This amounts to an energy recovery fa ctor of

(29088 + 1108) + 6399 
— 1 212

(29088 + 1108) 
—

Because the expander was chosen to derive sole benefit from the port improve—

ment i .C.: t h u  en ti r e  4 . 5  psi recovery , no reduction in compressor work would

occur . Thus, this improvement would y i e l d  near ly a 30% increase in per—

formarice. Specificall y ,
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COP ” = l . 2 9 2 ( C O P ’ )  = l.292(.715)

COP” =

7.3.3 Calculation of System COP with Optimized Heat Exchangers, High
Pressure Portiflg, and Minimized Intra-Circulator Heat Flux.

One of the major effects of minimizing intra—circulator heat transfer

is to push the dry air polytrop ic index of both the compression and ex-

pansion process towards the isentropic value (to dry air) of 1.4. For

- 
• 

purposes of estimating the performance c}~ange due to r n i r i mi z in g  the ad—

verse heat f l ow , however , the polytropic index will be chosen to be l .3~ 0

for both compression and expansion , thus indicating a small but not in-

significant remaining element of heat transfer from thc compressor and

to the expander .

Increase in cx~)~1nder t ’-mperatur e  drol:-

1.35—1

15.55 1.35 
-

= T3, 
~49 .80~ 

= 4u k ~°R

T
4

’” = —53°F

The cooling capacity will thus increase substantially by the following

fac tor :

90 — ( — 5 3 )  — 2 2090—25 
— 

‘ 
-

This amounts to an increase over the improvements included so far of:

2.200 — 1 6351.346 
-

This very s i g n i f i c a n t  factor  c lear ly  demons trates the large performance

adversity associated with intra-circulator heat transfer.
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chan9o in Fxpander Work Recovery

— 
i . 3 5 ( 5 3 . 3 5 ) ( 5 4 9) (rls.551 .2572

exp 
— 

1.35—1 t 149.8 J

= 29228 ft _ l b
f

The expander work recovery of the unchanged Circulator or system was

29088 ft_lb
f
. Thus only a negl i-jib le increase in net expander work would

be brought about by decreasing the intra-Circulator heat transfer . This

is accounted for by the compensating nature of the increased expander

polytropic index and the reduction of port flow pressure loss.

Due to the fact that heat is transfered from the compressing gas

principal ly a f t e r  compression, no s i g n i f i c a n t  change in the compressor work

integral would occur . Thus , the performance increase wil l  be due almost

en t i r e ly  to the increase in cooling capacity . Therefore ,

cop ”’ = ( 1 . 1 3 5 )  (COP”)  = l . 6 3 5 ( . 9 2 4)

COP ’’ = 1.51

Therefore it is c lear that a coefficient of performance of unity

or better can be achieved wi th  improved Circulator hardware. Further , by

employing an enriched moisture 1001 * , this performance could be even more

substantially increased .

*~~pp App end ix  C.

— - — ~~~~~~~~~~~~~~~~~~~~~~~~ — — 

42 
• 1



-- -~~~ -- - - - -~~~~~~~~~~~~~~ ----- ---~~~----
-- --- •. -•- • • •~~ 

-
~~~~~ Performan ce Testing Summary

The following Table 7. 1 is a summary of the calorimeter performance

testing of the ROVAC Model 606 air conditioning system. The Table was

prepared from test data sheets . Information in the Table consists of

the date and duration of the test , the compressor inlet pressure , the

• expander temperature differential  and expander outlet temperature,

and the Coefficient of Performance (COP) of the compressor—expander.

Also included in the Table is a description of modifications and adjust—

ments which were performed on the compressor—expander between tests.

/
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TABLE 7.1

PERFORMANCE TEST LOG

FOR ROVAC 606

TIME RUN
DATE HR/MIN PCI t~tT/TEO COP COMMENTS

2/26/77 0/4 5 Opsig 63/41 N j— Regenerator modified HX1
replaced after this test.

3/3/77 0/50 93/25 N

3/4/77 0/42 89/28 N Regenerator reworked to
increase effectiveness

3/8/77 1/14 0 65/39 N Regenerator reworked to
decrease pressure drop

3/9/77 2/48 0 80/40 - .476 [Run for Army Rep.]

3/ 10/77 2/0 5.0 82/30 .421 7 1/2 horsepower motor
installed

- ~/5/77 1/30 0 84/25 .544 Rotor temp. observed on
4/9/77

4/10/77 0/20 5.0 85/23 N

4/11/77 2/20 0 85/26 .459
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TABLE 7.1 (Continued)

TI ME RUN 
— ______ _________ ________________________________

DATE HR/MIN PCI AT/TEO COP COMMENTS

4/ 13/77 1/05 5.Opsig 86/26 N

4/ 13/77 1/20 iopsig 83/26 0.432

4/ 14/77 0/08 0 N N

4/ 14/77 2/33 0 92/ 19 0.460

0 69/39 0 .490
5.0 73/37 0.482

4/ 15/77 2/48 0 69/40 0. 495

4/ 16/77 1/45 5 74/35 0.488

4/ 18/77 1/20 5 73/36 0.481

4/21/77 1/15 0 68/4 1 0 .525

4/29/77 3/20 0 68/41 0.541

fiX
1 
and Circulator removed from

system insulation placed on in-
side of exp. outlet manifold
and on coznp. inlet hose. Cir.
brackets cut in half. Insulation
placed under bracket.

-

~~~~~~~~ - —- • •
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Table 7.) . (Contin ued )

• TIME RUN
DATE HR/MIN PCI ~T/TE O COP COMMENT

Circulator Disassembled and
- Checked . System Reassembled. -

5/17/77 2/49 0 66/43 0.519 2 cups oil removed

1/26 0 66/44 0.522 2 cups oil removed

1/0 0 65/45 0.472 2 cups oil -removed

5/27/77 3/38 ~l1.3 62/47 0.526 First test with 7.5 HP
psia calibrated motor
PCD=
22 psia

6/15/77 2/13/77 0 67/44 0.478

6/16/77 2/0 0 86/44 0.474 Regenerator removed from
system

7/6/77 1/43 0 96/38 0.358 Argon in system

/
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APPEN DIX A

INSTRUMENTATION , CALIBRATION , CERTIFICATION

This Appendix contains information and calibration data on all instrumentation

used during the calorimeter tests.
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HEISE CLEAN BOURDON TUBE ULTRA HIGH PRESSURE TUBES
T he mo s t I F  ~t I ) y dCV l2IOp ( ’d p r ( S S W I ’ ~~~~~~~ The deve lopment of precision gauges fo r th

) t ) ~, element In th t-  Codu s t ry .  T IC  f I rS t  u i-lid ultra high pressur e ranges (above 30 000 psi’
tse t f  tc cert,lIn and posItive C lk ’ d f lL t l g .  was pioneered by Heise laboratories who con

ti nue to lead the field i n this area .
EXTERNAL BLEEDER

An Integral part of the E3ourdon tube. The
most effective and conveIlletut means of
evacuation or purg ing.

SOLID FRONT -~~. 

A solid wa It of cast aluminum protects the
operator when work ing with high pressure ‘c’. 5’ -

systems. -
.

I ~~INTEGRAL MOVEMENT 
) 1 -

A basic concept in unified instrum ent ~~~~~~~~~~

design.

BALL BEARING PINION SHAFT ‘

M num’zos f r lCtF OI l  m d  moros-es s ens - t i v ty.  - - ‘ -

MICRO SLIDE ADJUSTMENT - -

A revoiutonary deve lopment in ca l F t, r ltIOfl 
— 

., 

-

methods.

THERMAL COMPENSATOR
I—fo lds the gauge in c sl: lsu O f t e n  t h r .’ j ~~h am -

b ent temperature i- han 1:!-:; from 25 F to
-
~ 125 F. (optional)

EXTERNAL DIAL ZERO
ADJUSTMENT

A converlent mi’ans of pro - • . 1

setting the d’a l to a bench - 
-~~~~~

mark or ‘ tare ”.
iiUT TRUTMEP4T

DIAL - 

~~~~~imum phys~ aI
IndIvIduall y engraved t o . proporties in Sour-

the pressure gradient of I t s  C 
- 

don tube materials is
own gauge mechanIsm. Mir 1 ; achieved at Heise
ror scales are standard. ‘~~~

‘ , laboratories by high
- vecuum heat treating

POINTER 
.,~ 

methods w$~ich per-
‘ ( , ) j T l  ,ir hI - ‘Ii . I~~’ t F  mit exposure to ctiti-

(“ - ! ‘ F ( . . i t , ç  p. irat l .~ x - ccl te m pera tu res
without oxidation.

CONCENTRIC DIAL MOUNTING
MaintaIns concentr icity of

the pnlnter shaft and dial .

I L .  ——-
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- HEIS E GAUGE . S

Model “C”
The Model “ C” Gauge is th. latest Heise

mstrument and festw-es a clean tube, a solid
ACCURACYfront sat.ty case, and many other advance s. A l l Heise gauges are accurate to 0.1% of

As always, Heise laboratories leads the in- full scale reading throughout the entire 300 ’
dustry in the development of new and better dial.
inst ruments for pressure measurement. HYSTERESIS

Tb. performance record of the Heise Gauge. Not greater than 0.1 % of full scale read ing
unparall eled by any other gauge in the field, after application of maximum scale pressure.
qualtfies th is instrument for the most exacting GAUGE TYPES (See description on page 12)
applications in modern industry and research. P.S.l.

Superior quality takes precedence over ~~~ Absolute
duction expediency at Heise laboratories where Vacuum

Compoundhighly skilled technicians give their personal
attention to each phase of fabrication , assembly PRESSURE RANGES

From 0- 12 psi to 0-30,000 psi .and inspection. Detailed permanent records
contain the complete history of each gauge DIAL SIZES
including calibrat ion data and test results. 81/2” — 12” 16” for pressure ranges

from 0-12 psi to 0-30.000 pSi .

TUBE MATERIALS

Bourdon tubes are avaiIab~e in the fo llow-
ing materials:

- - 

. 403 Stainless Steel
- Bery llIum Copper for low pressure and

- 
~~~~ - for specific purposes up to 20.000 psi.

316 Stainless Steel . In ranges up to 5.000
- - 

— psi maximum . When used , hysteresis‘ft~~ 
-

- will be three to five times greater than

- 
- 

the 0.1% of full scale.

THERMAL STABILITY‘ 5 . -

The He se Automati c Thermal Compensator
- holds precise calibration through ambient tern-

per ature var iations fro m —25 ’ F to + 125’F.
(See Optional Features , pages 12 & 13)

Research and develoØment proiects , continu- REPEATABILITY
ously probing into the ever expanding field of 1 Part in 5,000.
ultra high pressure test ing , add daily to the

READABILITY
~~alt Pi of knowledge and ex ier ier uc e which An IndIviduall y engraved dial , an ant i-
stands behind the Heise gauge. Specialization parallax gunsight pointer , and a mirror sca le
in the test gauge f ield has led to world wide make the Heuse gauge the most readable
recognition of the Heise name as a guarantee instrument available.
of rugged, dependable and prec ise instrurnen- CERTIFICATION
tation. Each He se gauge is critically tested before

E ach instrument us an individual example of shipment and a certified copy of the test
superb Heise workmanship. results is supplied with the gauge.

6
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~~lec t the I )wyer  Magvie -he lic ’ gage fur  high a(’c’ u r : L v  - guaranteed PHYSICAL DATA
w it hdi 2’ . ,,f fu ll dr - i d  fi t- th i- wiil ’ - - f u r. - . ‘.1 u - I  I- . iui g s -~ a~ a i l—

- - Ambient tem perature ranrl: 3O~ to 143 F.— able to s i r i t  Vi.ur I ’  I. ~t . ’ i-i’ ielv . I ‘sing I -, - s 1 .~~. . f i n - s  i,iiili- -- .,
Magn.-h~’Ii(-~ nhiiv&-flIt ’!i( , it qui ic’I’. iv iiil i . ~ ~~~~~~~~~~ ii r u i n  ci r i .’ -  Rated total pressure: Sustained or high y repet it~ e
s ise gas prt-ssii ~~~ (! it hr:r pus it ivur . nr’~i it i\ ts • s i r s !  urn ur iii IT t - r vn  - presst~re- 15 psig.’s
t ial. The d - - . s g i s  . , ~ i — t ’ , shuck . v ibr: itu n is- ’ iivI ’r_ Iis - t- ~

._ isi - -s Ni Connections: ½ NPT high and low pressure taps.
rnanunietrr u s s r , !  tu ‘ . . p . sr : i t - . f r et’y.,- or e . , i ,s ,  ‘, ‘ii’ ,,~- l i - v , - j r i r - ,~ ~.i- ,,li_ duplic,ut,nl — ore pair side and one pair on back.
h-ms. H’s i i i r-xps ’ ic~Ivi’ . 1.-i. Hous ing: Die cast aluminum. Case and alumin’..- rr’

- - parts ru le-d ipped to withstand 168 hour salt spra Y
~iTudeIy u.-~ed t i in.~ i~~iii, f un irul liluwi’r i i s — — i l r i ’ s . t i : t . ’r r i - ~ :- .t . i t ie -e . test I ~ r - --’r f i r,rs h is baked dark gray harnmerloidair ve loc ity . furna re draf t . ; r.-~ sIur u- !i- i ,- .s - r - . -

~~
. ‘ n i h - i— j i hiti- ”. iqi i ii f -

levels sv ith l,rihl,Ir-r Av . :t -:r Is ;uni l pr. ’ssiu r s iii f u l l  arrip lil~t’i- i n  Iluid i’ - Standard ranges: See facing page.
systems . rr iils,i uhui - ks gas-air rat in c- o u t  oi ls s i t u ! ;iut.’n~:it ii- va lves Accu racy: Pkis or minus 2% of full scale (3% on -~~

and nui ri i t ,rs l u - n i  .s nit rt - s ; . !  r :itr,rv ; i - s,~ ‘s ’s ri -s in ni,’ilii ii ~~~~~ 
and 4% n —03 r anges), throughout range at 70~F.

equ ipm -ru t  Standard accessories: Two i~~’ NPT plugs for dupi,
cate p’cssure taps , two 11s ’ pipe thread to rubber

- 

-- tubing adapters , back mounting spud with washers
Mount ing. A s i ’ s-  c,i-;e sun ic t j~~i’ ii f u r  i l l  - - and jam nut , three flush mounting adapter s w it h
61 rar - gf-~ 

- ‘ 
~,. - ri’  - . - - o t .’ - u i  is ’ Iii ~~ ,cre -.~s lMnunting ring and snap ring retainer subst i-

T h c y  can Lit- f lush - r ri. :’ t- ” s ( - i s : , t - i t I .‘.- -- - t irted t , - r  3 adapters in HP gage accessories).
scts of pu ‘-~ r i  t s ~i~. .s- ’ r .~ 

, t ’ . ’ - r  - s - ’ i . -  .r ‘ i s  k Weight: I r s  2
~ ‘fr: , ji •.,,; • • . ~ , -~~ j . , - ~~ 

- ‘ -

and may -- - ‘- i - h’ n - i i ’’ I - - i  I i 1 ...i: if  is - i , I - . - ‘  , c I i’ ,i t - r - .i,i ’ Lo~ ie’ •eu i i s re  mode i s ava ,i ab ip aS ~pec-a i 0pt.on .

make Ms,- s . . - . , - 
~~

, ; - - - , 5 , 1 - iii ~~~~~~~~ . . ~~- - i  . ~~-~~~- 
tH~~~- 5- ’ ,- s u ie  r,- -i~~I as a , Ia b i e .  Set I.~t Column b.iow.

Requires .f i - I i ! e ii’ par - - I ‘ r I -  i i -  r:. - . j - i ~~- -  - - 
‘. - - i : . - .i td  t i ’ s - - i l  ‘ OPTIONS AND ACCESSORIESf itt ing’., p Its ’ . — _ -uril: . 1.- i i  - ‘ ‘ - :  i s ’ ., •‘. - ~~~ ‘ I - - ,‘. 5 1 1 ‘it -  ii  - I n n s - - Transparent overlays

Vent valves Furf l iShId fl rid and ~~.in 10 h.gP’-
i.ght an d •mph.siZ. Cr , t . ca i  en s -s u n s

I c~i l -  r i .  ~,I. . r r  i r s - ’ . s i n . -  • r r r 5 i r i i i . ,i. .. :iud l I ~ ’ Ad i usta bte sE1naI fl~~,,~ g V,r~r r f r . . - ,~ ~~~~ •‘ l - • . - ‘ s i t s - s  I’- I / or-  ~. rI s p l . ’’.t i .  t : ib i r 1: I ini eg r au w i t ’  plast ic gas. cover . has

‘ 
wh u it i r i n i . , t  • - - . 1 / ‘‘ rn - i ’ -  se ’ ,.i:~~, - ’ -  I ii’ .. -n , ..‘.,e r  —i es t ern a l  reset sc r w . a~ a,ua b’• for li•

A- Pt  ~~- r i t  -.,it- .r- s to ros:nc ut ~a~e- rr - s s i : ’e’ ~u’ th.:n be • ranges in t high ~r i . n b 0’-

‘.‘ i rsuvs ”l fir ch eck s- n r’~ 7~ r I t s - - k. . il’ Portabl e units
~5omh.n• car ry.ng c1s w . i t ’  •ny M.g

HIGH AND MEDIUM PRESSURE MODELS ~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

M .ss i r t  ant i nt.taII s.-imc as ‘ t . , u - i t , i r - l  , c’ , I -’  c- in n . u,i , r r’ :. ~~ ~ LJ b.r tub.nh ILpti-?L 
ihresd lo rub-

arg~- r  4 ’ i,’ dot 1- - l e in panel ~‘ ‘ r f i sh nr ’ - u I  - i r ~ 
,‘i , S n-it Air fil t er gag. scc.s~s~~y package

ç
~~ 

f i f  i ‘it portable csir ryu i lg ra- ~ - fm ~~- t r uins ’  r , .:~~t ’ s s .t i  ii’ *sl~~p~~ any s tan da rd MaCn.hau ,r lot
-— ‘ to w i l S ’ .t O u t  I- i t t  i r i S  r i  i i  pr.-- .- ’ i i  - , i 1 °  i . ~

- . 5  inc us. as - an ai r i lls , 555 . inClu deS .iu- 
I . ‘ - - 5 - I 

___ 
.~~ m.num surf ac s-mount.n 5 b’Sckst w i t ’iij ni~~ n i .  i i  E , )I nii(~~~n i t - . ~~i - . 1 .  ~~~~~~~ ni • ‘s ‘~ 5c r.w5 , lwo 5 ft . lsn1tP ,s of .~~ aiurr ’

ur f in .th c d .- ’. I i’i .I I . t i t . l f r ! t i  IS .1 . .a I ’hl - ri i S  ‘.isund. irel / ,v v r’ui~u iub.fl l . twO ~ia* .C pr.ss uts ti ps
- -  - ‘-‘ ‘ - ‘ I - i If - .. - - \ ‘‘ * I - - and iwo ,noid.d fl iCSt ,C Ve nt 5115,1, flra t s ,, S c 1 - I is ~~~~ ,~ I Ii - / I ii - ii - - - . - t egna l  cO mpr.I5 .Ofl ? t tsf l (s on bOlt,

t i n’ s - . ‘- n i - - , -  .i- . - I ~I ird nr.._-slt I - . ~t s .s: at 5 : 1 115 iS - i. - t ,p % and va lv es.
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BEST AVAILABLE COPY
Quality ~esioo an~ construction teatures

- - - j - - ‘ - i - n  1 : 1 1 !  ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- C -  : i ;- 1~seal 1 . r - - ,.-r :j : i : rs -, lini_ - Is ’ r ’ ~~n l - - ,

- ‘1 1 .0 ‘ -- 
~~~~~~~~~~~~~~~~~~ ~~~ I - - C . 1 — i

— c _ist alunssnum case is - tn .  i-o r r n , , : . -
C’ e.v P13’.t C 1a~e is 0 ’ , ‘ - - ‘ n I - - - — — - ‘ i l’ . -  ~ ~~~~~ 

,-,i l i i cta n id bli hour salt s r- r.r -j
- -  - - ‘ : -~ : i  .5 - I -  ‘ i~~ • 

•~ 
• , I sIs  ‘ i .. ’ f - ’ : sht- d in baked dark gray

• ii ‘ ‘.t~- ’  , - - I - -~ 
‘ 

- • sd . Clue c ase size used f u r  _il l  star -I-
- 

~ I ~~~~ 
- —- - . -r 5 .- -- re’ r i i - ,’e’’.. aind hr built sur face a s I

P r e c i s , e n  i t S  - pr inted scale i -  . 5 -  i f ’ ’ : ‘ ‘ I i :.I: i- n -
- 1’,”. ,  ‘ - . 5 1 

Si l icone rubber diaphragm w i th  I is t pg ra : i s

I I “ 
.
- :5 ~ ri ng is supported by Iron’ s i- -uRed t i pped po ii nt e r 1~~., - ,- ’ ,. - • ~ i~~l i - s , . n i  - 

- -~~~~~~~~~~~ ‘ - - ‘ s  s I t - c  I! ’ . lc- kr’ d arid sealed in posi t -  ‘ is

-

, 
- • 

- - ‘~ 
- 

‘ I 
- ~.. S i  ii ‘ . . - j l i s - 1’ plate and re t a i n i n g  ri ng 0:_ i

- , . —,‘ h I  
I ~~ 

- , p r ’ in- l i s t : -  i’. restr icted t prevent dan— ,

- 
- - 

- , h ’ ’- to ove rpressurns
Po.nter ‘ c ,n s ‘ - 1 - ’ . . ‘ r i - I  

~

s 
- 

I P ’ - - - - Cal ibrated range spring is a f lat  leaf of Sn, d
- n 

I , - • i i :  :.~
- n i n g  steel in temperature compesssa ’e’ -I

- 
- 

: SI ~~.i ’ i  Small amplitude of motion assur es
Sapphire b.- ;i i ’ : igs lu’ - 1i ’ s ” n - -  

— - —.ier ’cy and long life. It reacts to pres-
O i . O I S ~~t i  - i  5 ’ - . - r ’ti ., ’ -

- 
~‘ 

- i ~~ - 
I - 

- •,i, - - ,r: diaphragm . Live length adjustable fur
~~f I’ ’ - ‘  I. “i - ‘

~ 
- 

~~ ‘ I s . t O  - v. , -1 . -n • ‘ i~ n

• i I ‘.Iit ,~~i 1 • 5 ~ f , - • ~ -. 

,- - . -- W ;stu bc assembly provides mounting f~r
- - a 

1, i .~~ ike . . e_ irings and pointer shaft.
Z en... aJ 1i, - t - ~’eint s c r e w  ,‘. (-“ .• -1 ~ i t  , - 

- 

~~~~~ 
, 

~~
‘ . - , ,. ~ a.- . . .. - -s ~~ . ‘ -s - A ln ico  V magnet mounted at end of range

r -i i’ c- .“r . 0 ’ n - - ’~ - ~~~~ r , - ~~ ~~~~~~ c~ ‘ir I s actuate ’ . helix without mechanica l
• -~n - I ‘ - -  - t - , ‘ ‘ nS’ . _ ,

~ ‘ i -k ,r~ es.

— 

Paten t ‘,, 3 . 551 ,1235~~~,

Helix 5 I i ’ u ’ S  1 rs  i , 
~

- , ‘n ’ ,. - -il! . .1 l i i i  ‘5’.h5- M - i i s i i - .i n’ ‘- ~~ ~- ‘ i - -
~ -i a n- r i gs , it turns freely to

- - I ‘ ,, S 5 ,, 1’ .‘ ‘.  d .i - ’ ’ S .’ ’ r ’ ’ - - .1 0’ 
~~~~~~ ,l ,s’tl i l l j i 5 i i’ i i  ‘, - d  ef rna~~net to t rasssrr i i t

- 
~~~~~~~~ ‘ t -  : ‘~~ - ‘ ‘ n. ‘ : 1 - - t 5 - 5 , - t , .  ~ i,i Il l s  I 0 - - ,t lii ,lliOsr 1 - . - i t e ’ n .

SERIES 2000 MAGNEHELIC — MODELS AND RANGES
Ni’ !-‘ I i  ‘‘ . . -. s c s i  ‘ -  ‘ i i  n : - - .— !  r , - , 1 i -  S i  n n n . - i t~ i ’ .ig - s 1 — •  s— h, ’.’.’s t’x: intp lc’s
-1 -

~
- - .~ ui -i l - !- f i j I  ‘ ‘ b -  - : - ‘ - - n : i - r ’ s . I t- ‘s ps ’i sd vi i l l - -i furnished in
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HOSICA LABORATORI ES
CALIBRATION DATA SHEET

SINGAC, NEW J ERSEY
cusiot~tn ?~~ ~~~AC C~~ NIATICM DESCIIPTION -

ORDER N.. DATE - ~ft/T’. - 

MAKE R ~~~~~~~~~~ MODEL N.. - ~ 7fl 
RAN6ES .‘r$~1.5 rI ou~~~ - - -  SH EET - -  - 1 OF .2. 
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1.5 0

.75 
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—________
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HOSICA LABORATORIES
CALIBRATION DATA SHEET

SINGAC , NEW J ERSEY
CUSTOME R - 

Till LOVLC cc1pc*ATI~~ DESCRIPTION - - W&TT1~~U - - -

- - 
ORDER Ns. lOIsIS DATE -

MAKER MODEL 905 - . - N.. . . .  107 
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- _ _ _ _ _ _  
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-— - ~~~~~~~~~~~~.!3~~~~~ ~‘!! ___ _ _ _ _ _ _ _

_ _ _ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ -_______
______ ,s______ — ----

.
~~ --- - s 5______  - _ _ _ _  — -_ _ _ _ _ _ _

3 .6 0 
_________________
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0
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HOSICA LABORATORIES
CALIBRATION DATA SHEET

SINGAC , NEW JERSEY
CUSTOMER T~l ~~ AC C~~ P(PATICX DESCRIPTION VLI’T*IIR 
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~~~~~~~~~~~~~~~~~~~~ 
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~
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1
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HOSICA LABORATORIES
CALIBR ATION DATA SHEET

SINGAC , NEW J ERSEY
- DESCRIPTiON .

ORDER N.. ‘0~b - - - - DATE - 
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10 
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________________
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HOSICA LABORATORIES
CAL iBRATION DATA SHEET

SINGAC , NEW J ERSEY
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TEMPEMTUO( LAST 24 N000S

75 MA~ 56

S

September 15 . 1976

r

— 

Mr. Walt Sanders
Rovac Corporation
100 Rovac Parkway
Rockledge, FL 32955

Dear Mr. Sanders:

Confirming our phone conversation • our part No 21028 laboratory
thermometer is accurate to 1/10 degree Fahrenheit and is traceable
to the National Bureau of Standards -

Feel free to contact us if we may be of further assistance .

- Sincerely .

~~~~~~~~/I • / .
Mrs . Sheia Gillespie ’ -
Marketing Specialist

SG/aka

TAY LOR INSTRUMENT / CONSUMEF~ PRODUCTS DIVISION / SYB000 CORPORATION / MORN, N C 25704 / TELEX 57-7410 / PHOME (750 S-4~II

& ~~~~~~S ~~~ t

— 
.~~~~ _~~~~~~ _~~~=—~~----—-- - —---—~~~

_
~~~~~-

_
_. - - ‘ . - -—- ---- ~~~~~~ —
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APPE~~ IX B

TEST DATA

This Appendix contains the test data sheets taken during calorimeter

testing. —
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A New Air Condi tioning ,

Refrigeration and Heat Pump Cycle

Abstract

This paper discusses the thermodynamics of a new air conditioning , re-
frigeration and heat pump cycle that embodies two heat transfer processes
coupled with both a compression and an expansion process. The working
medium of the new cycle is multi—component in nature and, in general ,
consists of a superheated gaseous carrier component , such as air , in partner—
ship with a phase—changing component , such as water. The basic cycle is
described along with variations in system configuration . Simple analytical
models and methods are introduced and applied to calculate cycle efficiencies
for sample systems. -

It is shown that the reverse Brayton and reverse Rankine cycles are
subcases of the new cycle. As well , the reverse Carnot can be approximated
by this cycle. Further , it is shown that this new cycle yields ideal co-
efficients of performance (COP) greater than the reverse Brayton and reverse
Rankine cycles. For example , in an “ice-making” heat pump configuration ,
with a source temperature of 32°F and a maximum rejection temperature of
105°F, the ideal heating COP is 9.72 compared to an ideal COP for the R-22
reverse Rank ine cycle which is 7 .25 .  In the air conditioning configuration ,
with a maximum condensing temperature of 150°F and a minimum evaporation
temperature of 40°F , the ideal cooling COP is 8.19 compared with an ideal
R-12 vapor compression cycle COP of 4.26.

Real compressor/expander machines studied and being developed by the
author which can be used in this new cycle have produced adiabatic compressor
efficiencies very nearly equal to unity [1]. Such machines have also pro-
duced adiabatic expander efficiencies in the low 90% range. Extensive com-
puter models of these machines predict the ultimate attainment of overall
compressor and expander efficiencies above 93%. Thus the prognosis for
achieving a large fraction of theoretical ideal cycle performance appears
favorable.

Introduction — Background

During the period 1967 - 1970 while a doctorate student in the School
of Mechanical Engineering at Purdue University (Lafayette, Indiana), the
author had the opportunity of investigating a unitary positive displacement
device capable of effecting a reverse Brayton cycle when employed with
simple air—to—air heat exchangers . This device employs a substantially
elliptical stator cavity in concert with a rotating rotor-vane assembly .
When in motion , the rotor vane assembly simultaneously compresses , provides for
inter—cooling, expands and provides for reheating of the circulating air . This 

—
~ 
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simple machine , in performing six individua l flow processes , produced cool
air and illustrated an alternative hardware for-rn of the air cycle system.
Since the original work at Purdue , considerable development has taken
place toward the advancement of such hardware . Further , the application
of such hardware in partnership with extensive theoretical and experimental
analyses are confirming the existence of a new efficient thermodynamic heat
transfer cycle. While from an engineering standpoint both theory and
actualization are important , due to the possible significance of the new
cycle , this paper will concentrate primarily on qualitative and quantitative
aspects of the ideal thermodynamics of this new cycle from the polytropic
viewpoint .

Expansion and Compression of a Multi-Component/Mixed-Phase Closed - System

Prior to discussing the complete cycle and various system configurations
of the cycle, attention will be directed to the two processes of the present
cycle that embody the most inter esting thermodynamic aspects. This will

~nvolve the examination of the properties of a working fluid which consists
of two basic identifiable components : one of which remains in the vapor
phase while the other changes phases during a given process .

Expansion

Referring to Figure 1 consider a closed system at equilibrium at an
elevated pressure wherein the component that will change phase (secondary
component) exists in a saturated vapor condition with the partner non-
phase—changing component called the carrier or primary component.

77 V 7 / 7 / 7 /

closed system
E

4

Figure 1: Multi-Component/MiXed-PhaSe
Closed System Expansion 
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Next , allow the system to expand ad iaba t ica l ly .  As expansion begins (de—
- 

- 
pending upon the thermodynamic properties of the working f lu id constituents
and the actual process path), some of the secondary component will conoense
due to the temperature decrease . The energy associated with this condensa-
tion will be transferred to the primary ( gaseous) component thus increasing
both its pressure and its temperature over the values which would have been
reached if the condensing secondary component had not been present. As
further expansion takes place , further condensation will also take place ,
further perturbing the mixture temperature and pressure state points.

— 
Figure 2 represents a graphical illustration of this effect. As can be
seen, the process can be consider-ed to consist of a very large number of
differential volume increases resulting in a like number of differential
temperature (ÔT) and pressure (cSP) changes. This sequence of processes
describes the solid line in Figure 2 where the broken line represents an
expansion process wherein the mass of the secondary component is zero.

An immediately obvious consequence of this multi-component process is
an increase in qork of expansion as seen by /PdV. It is also apparent
from the first law of thermodynamics that the final expanded energy state
is relatively smaller due to the increase in the work integral. These
two conclusions will play a major role in the ultimate conclusions to be
brought forth and discussed in this paper .

T P
3 3 _ _ _ _ _ _ _  3

6P,
6T

T, P

T4 1 P
4

. 4

V V V
3 4dry 4

Figure 2: Schematic Illustration of Volume - Pressure/Temperature
Diagram of a Multi-Component/Mixed Phase-Refrigerant
Undergoing Expansion
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Compression

Next, turn to the companion compression process as depicted in
Figure 3.

E
1 closed system

Figure 3: Compression of a Multi-Component/Mixed-Phase Fluid

The closed system at its initial state point consists, as before , of a
gaseous carrier componen t and a second component which will par ticipate
in a phase—changing process. However , in this instance , the second com-
ponent will consist of a fine dispersion of li quid particles existing in
saturated equilibrium and evenly distributed throughout the partner gaseous
carrier component.

As compression begins, the temperature of the mixture will begin to
r rise and the liquid droplets will begin to absorb energy from the surrounding

gaseous component. As compression proceeds, and depending upon the quantity
present, some of these droplets will vaporize, thus absorbing a considerable
amount of energy in addition to any sensible energy absorbed . The effect of
energy absorption is , of course , to depress both the temperature and the
pressure of the mixture. A succession of such processes can be depicted as
shown in Figure 4. Again , the single component path is shown as a broken
line. As can be seen, the integrated compression work term is clearly less
in the multi—component case wherein a portion of the compression energy is
absorbed by the secondary component. Subsequently, this fact will also be
shown to be of major consequence .

In order for the processes just described involving sensible state
changes of the secondary component to actually take place, it is obvious
that the properties of the dispersion of this component be such as to
permit heat transfer rates high enough to match actual quasi—static process
rates that would occur in a real mach4~~e. For example, the compression
process in a typical ROVAC Circulator takes place within approximately 5



milliseconds. During that time heat transfer rates on the order of 20 Btu
per pound of dry air must be transferred to or from the secondary enrichment
component. Presuming this secondary component to be water, and further
specif ying that the maximum temperature difference between the carrier corn-
ponent and the water to be, say, 0.5F°, it can easily be shown through “fog”
heat transfer analysis that the diameter of the dispersed particles can be
as large as 0.001 inch [2,3]. This value is easily reached by usual liquid
spray methods.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Figure 4: Schematic Illustration of Volume-Pressure/Temperature
Diagram of a Multi-Component/Mixed-Phase Re frigerant
Undergoing Compression



Process Analyses

In order to make a quantitative assessment of the numerical differences
between the multi-component processes and the single component one, the
process paths must be adequately postulated. To begin , the generalized
nature of the process must first be hypothesized . One simple process path
that has proven historically to be accurate (and therefore chosen here) is
the exponential or polytropic process wherein the variables are related for
a constant n process as :

= constant . . . . (1)
or

d(lnP) 
= —n . . . . (2)

where P is the absolute pressure , v is the specific volume and n is the
polytropic index of the system fluid.

In choosing the polytropic equation form , the problem, of course,
becomes the quantitative determination of the value of the polytropic
index , n. There are various approaches possible, but the one chosen here
is to employ the first law of thermodynamics in concert with the mathematical
definition of the polytropic index.

Referring to Figure 1 again, which depicts the expansion process and
employing energy conservation for an adiabatic process it can be written
that:

E
3

E
4
+ 

3
W4 . . . . (3)

In this expression , E denotes the total energy of the refrigerant fluid
and W represents the process work term. Further, the sum of these energ ies
can be written as:

U + E  = u  + E  + w  . . . . ( 4 )
a
3 b3 

a
4 b 3 4

Here subscript a refers to the carrier component and subscript b refers to
the secondary phase-changing component and U represents internal energy .

i

_ _ _ _  

j



Eqn. (4 )  can be arranged as:

W = (U — U ) + (E — E ) . . . . (5)
3 4  a 3 a4 b 3 b4

where (E - E ) can be considered to be a “heat addition” term , Q ,
b 3 b4

insofar as the carrier component is concerned . While this term has been
discussed in connection with a condensation process, it is apparent that it
can , in general , consist of sensible components also, as well as others:

= (~~ -E~ 
) = M .~, (latent energy change) + M b 

(sensible energy change )
e 

~ latent liquid

(sensible energy change) + other energy additions that may be pre-
vapor sent (chemical , nuclear , magnetic , etc .)

Where the M’ s represent masses of the various components undergoing state
change . Depending, of course , upon the state condition , the properties and
amounts of components, the constituent terms can have various contributions
to the total term. If, as previously postulated , only enough of component b
exists to just provide saturation (no excess liquid) prior to expansion , the
“heat addition ” term reduces to:

~~~ (eb 
- eb

) =

where ~~~ is the amount of component b that has condensed and can be
treated as hb * (neglecting the generally small sensible effect  of the vapor) .

fg

Proceeding with the saturation condition assumption (no liquid present) ,
and assuming that component a. with the attendant vapor portion of component b

*f~~ is chosen instead of because , from the standpoint of the
fg fg

secondary fluid, the system is “open”. In any case, the choice is somewhat
academic in that the desired process path is achieved not only by the
specific energy of the secondary fluid but also the amount present.



can be suitably approximated as an ideal gas, one can wr ite

= ~~~ Cvab 
(T

ab 3 
- T

ab
4
) + 

~~~~~~ 
(h
b fg

) . . . . (6)

where the ab subscript indicates the mixture property of the carrier a
and the vapor portion of the secondary component b. On a specific mass
basis (based upon component a)  Eqn. (6) yields :

w = C (T — T ) + ~~ (h ) . . . . (7)
3 4 v~~ ab 3 ab4 e b

fg

where 
~~e 

represents the condensed mass of component b per unit mass of

component a.

Following through with the polytropic process definition along with
the quasi—static work integral, the work can be represented as:

R ( T  - T
ab ab.~, ab4w . . . . ( 8 )3 4  n — i

e

where R
ab 

is the mixture gas constant consisting of component a and the

vapor portion of component b, and n
e 

is the polytropic index of expansion.

It is further indicated that the temperature of both components are equal,
thus specifying a quasi—static equilibrium condition.

Equating Eqns. (7) and (8) and solving for the polytropic expansion
index yields:

Rab (Tab 
- T

ab
)

n l +  (T — T  ) + A ~~h 
. . . . (9)

V
ab 

ab3 ab4 e b
fg

and, solving for the “heat addition ” term,

~
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R T - T
- ab ab

3 
ab
4j C T -T

~~e
h
b 

= 
(n -i) 

- Vab a 
~~ . . (9’)

fg e

Another relation for this polytropic index can be derived from its
mathematical definition :

n —l
T P
ab ab n4 4 e

(10)
T
ab 

ab
3

Solving for n yields:

r -1

T Pab ab.,
= J l + in ,

~~

— /ln ~~
—

~~
- . . . . (ii)

L ab
3 ab

4

(Where the prime is added in ordet to denote the difference in origin of
the two representations of the index.)

Note that two Equations, (9) and (11), are available which represent
the polytropic index; one from the first law and one from the definition
of the polytropic. Further, note that the indices are represented in terms
of initial and final temperatures and pressures. In general, the pressure
ratio of the process, as well as the initial pressure- and temperature will
be known. Thus the final temperature, Tab 

and 
~e 

(or 
~
‘
e~ 

are the only
4

unknowns. Since two expressions for these variables are available, their
values can be computed. However, since one equation is of a transcendental
form , it is a simple matter to find the polytropic index of expansion in
an iterative manner. In other cases , however , the final temperature will
also be known (or postulated) so that Eqns. (9) and (11) can be applied
directly.
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Considering next the analytical relations for the polytropic index
of compression , it is clear that the inverse process occurs so that the
respective polytropic relationship can appear as follows:

R
ab 

(T
ab - ab1

n = 1 + . . . . (12)
c C (T - T  )+~~~ h

v ab ab c bab 2 1 fg

or , solving for the “hea t absorption ” term ,

R ( T
b 

- T
ab C (T - T )

- 2 1 v ab ab
M~ h = q  = 

— 
— ab 2 1 . . . .

c b  c n 1
fg e

and

T
ab ~ab

= + in —i- u n  j—
~
- . . . . (13)

c L T
ab ab

1 J

Again , the pressure ratio will normally be known, along with the
initial pressure and temperature and sometimes the final temperature.
rherefore both equations can be solved in order to obtain the final com-
pression temperature of the mixture and the polytropic compression index.

Before proceeding further, however, a word should be stated regardinc’
the actual calculation of M. When the final temperature is not specified
but is instead calculated on the basis of Eqns. (9) and (11) or Eqns. (12)
and (13), some iteration must take place on final temperature states in
order to apply numerical thermodynamic properties of the secondary coin—
ponent. For example, considering the expansion process, the quantity of
component b in the initial state can be found because the initial state
points and the properties of the component are known. However, in order
to compute the final temperature of a given process from, say, Eqns. (9)
and (11), ~4 must be known. That is, the final quantity of component b
in the vapor phase must be known so that the difference between the initial 

-- _ _ _-

~~
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vapor quantities and final vapor quantities 
~~~~ 

can be computed. There-

fore , in the actual application of these Eqns., 
~~e 

is assumed based upon

an assumed final temperature. Then, af ter the computation is made , a check
on the assumed values is made and corrected, if necessary . In practice ,
especially if the secondary component proceeds to the solid phase , little
error occurs in only a single calculational cycle because so li ttle component
would exist in the vapor phase.

Armed with these relations, meaningful comparisons of compression
and expansion work and initial state point information can be made as
amounts of component b are varied with respect to component a. Next these
processes will be assembled into a cycle.

The Simple Cycle Configuration

Figure 5 depicts a simple configuration of the new cycle. As can be
seen, the system consists, in addition to the multi—component refrigerant,
of three basic components: The primary condensing heat exchanger, HX

1 
(hot

side), the compressor/expander device, C/E, and the secondary evaporating heat
exchanger, HX2 

(cold side). During operation, working fluid flows from HX
2

at state point (1), is compressed by C/E to state point (2), where thermal
energy is rejected through HX

1
. The flow emerges from HX

1 
at state point

(3) and expands through C/E to state point (4). Finally, the working fluid
passes through HX

2 
whore it receives thermal energy until it emerges at

state point (1). The cycle is then continuously repeated.

PRIMARY

_ _  

LOOP 
_ _

I.— 1’- — COMPRESSOR — -
HOT cori
HX
1 

~ : 
~~‘ 

~ : Hx
2

— 3 EXPANDER 4 —

~~~~~~~~~~
— ENRICH~~NT LOOP

Figure 5: The Simple Configuration of the New Cycle 
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In general , the secondary componen t in the liquid phase will collect in
both heat exchangers . Therefore, again in general , only the vapor phase of
the secondary component will accompany the primary component (this is termed
the “non—enriched” case) .  The amount of this type of secondary component
circulation will , of course , be dependent upon the thermodynamic properties
of the two components as well as the state point values existing throughout
the cycle.

In order to take full advantage of the characteristics of this cycle ,
it is important to control the ratio of mass of the secondary component with
respect to the primary carrier component at various locations in the system.
A schematic means for achieving this is depicted in Figure 5 by the solid
lines denoted “Enrichment Loop ”. These lines represent the enrichment flow
of the secondary component in liquid form to two important locations in the
system. Considering previous discussions related to compression and ex-
pansion process involving mixed primary and secondary components , it is
apparent from this diagram that the injection of liquid component b (continually
collecting in the heat exchangers) into component a at (1), yielding state point
( 1’) ,  will tend to decrease the work of compression required to reach a given
pressure ratio. Likewise, additional secondary liquid injected downstream of
state point (3), yielding state point (3’), will increase the energy of ex-
pansion. Of course, the continuously recirculating secondary component also
greatly influences the heat rejection and absorntion rates and heat exchanger
temperature profiles. (A very small parasitic liquid pumping requirement ex-
ists in order to elevate the pressure of the liquid secondary flow from
P toP .)
HX2 HX1

It is worthwhile to note that due to the recirculation of secondary
component f rom HX 2 (where it has absorbed energy from the source environ-
ment) to the expander, this absorbed energy, in part , is used to augment
the drive of the cycle.

From this system description it is interesting to observe that both
the reverse Brayton (Joule) cycle and the reverse Rankine cycle are simply
subcases of the cycle presented here . For example, by reducing the mass
ratio of secondary component to primary component to zero, (i.e.: M

b
/M 0),

the new cycle is reduced to the reverse Brayton cycle. By reducing M to

zero and specifying the expansion process to be isenthalpic , the reverse
Rankine cycle emerges.

Further, it is interesting to speculate on the possibility of adding
a second secondary component b’ such that, say, component b would con-
dense isobarically at the system condensing temperature and component b’
would evaporate isobarically at the system evaporation temperature. Due
to the isentropic compression and isentropic expansion process within the
cycle, the new cycle would closely approach a reverse Carnot cycle. 

- ~~~~~~~~~~~~~~~~~~ -



13

Sample Comparison - Air Condition~~~

In order to assess the theoretical ideal performance of this cycle
an example configuration will be chosen and a given set of conditions

- 
- 

will be specified. For simplicity, this example will be modeled after
Figure 5 and the ideal cooling coefficient of performance will be
estimated. *

Operating Conditions

Ambient: T . 95 °Foutside

T. = 80°Finside

System: T
1 

= 80°F

= 205°F

T
3 

= 95°F

T
4 

= 0°F

Pressure Ratio = 3:1

Refrigerant: Primary Component = Air

Secondary Component = Water

*Detajls of this entire calculational process is presented in Appendix A

~ 

--- .- - -
~~~

- - -
~~~~ - .~~~
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As noted , ordinary atmospheric air has been chosen as the carrier
component and water as the secondary constituent. It can also be seen
that, consistent with ideal calculations, the effectiveness of HX

1 
and HX

2
are chosen as 100%, and , as will become apparent, the values of T

2 
and T

4
are chosen in order to provide a very conservative basis for comparison of
theoretical cycle performance bet~ ~en the new cycle configuration and two
of its important subcases. (That is, the average condensing temperature
is 150°F and the average evaporating temperature is 40°F.)

The pressure ratio of 3.0 was somewhat arbitrarily chosen because the
temperature ratio, in addition to being a function of the pressure ratio,
is also a function of the specific quantities of secondary component in-
jected. Therefore, once a pressure ratio is chosen, the amount of secondary
component added can be varied to reach the desired temperature ratios.
This fact, although not explored here, has obvious ramifications related
to cycle optimization and variable capacity over a wide range of operating
conditions.

Applying the foregoing analytical models to the set of conditions
put forth yields the following coefficient of performance:

COP
E
c 

= 5.22

Now compare this performance with the ideal performance (i.e. super—
heating to 80°F and subcooling to 95°F) of a reverse Rankine cycle using
fluorocarbon 12 operatinc- under the same ambient conditions. (Refer to
Figure 5, where h3 

= h4
.)

h
1 -COP

R 
= 
h
2 

- h
1

— 
87.731 — 29.902*

— 
101.292 — 87.731

COP = 4.26
R0

*Enthalpy values taken from ASHRAE Handbook of Fundamentals, American
Society of Heating, Refrigerating and Air Conditioning, Engineers Inc.
New York, 1972.
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The results are quite interesting in that the new cycle actually
demonstrates a higher theoretical ideal coeff icient of performance than
the popular reverse Rankine fl’ictocarbon cycle , (and, of course , the re-
verse Brayton cycle).

Interpretation of this rather respectable ideal - erformance comparison
may be manifested in the fact that the new cycle actually extracts energy

• from the condensing secondary constituent during an isentropic expansion
whereas the reverse Rankine cycle employs an irreversible throttling ex-

• pansion process. This must be an important factor because it overcomes the
non—isothermal heat rejection and acceptance process seen in the new cycle.
In this connection, however, it must be recognized that in a real :vstem
the condensation or evaporation temperature is generally well separated
from the ambient temperature. This, of course, introduces irreversibilities
due to heat transfer across finite temperature differences between the
working fluid and the environment.

This can be graphically observed in Figure 6 below where 
~
T
mb/Hx 

ex-

presses the difference in temperature between the ambient and the refrigerant
working fluid plotted against physical location in a linear heat exchanger.

h Non-Isothermal
Heat Rejection

T
fluid

/,/7”7’7 ~~~~~~ 
Isothermal Heat

F /~~~
‘ Transfe r

F AT
arrib/FIX

Quasi-isothermal
P Heat Transfer

Distance x , Heat Excha nger

Figure 6: Illustration of Finite Temperature
Difference Profiles in Heat Exchangers 

~~~~~~~ -~~- - -~~~~ -- - - - • -
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It can be noted in a qualitative fashion from Figure 6 that while ir-
reversibilities in the non-isothermal heat exchange process are generally
greater to the lef t of point X , they are generally smaller to the right of

this point with respect to the isothermal heat transfer process. It can be
further stated that due to the na ture of the new cycle , one can approach
isothermal heat transfer qui te closely because relatively large quantities
of heat are rejec ted or accepted through latent effec ts of the secondary

• refrigerant and the relative magnitude of the latent components is directly
controllable through the thermodynam ic properties of the working fluid
constituents as well as their relative mass ratios. (In fact, in the pre-
sent example , two—thirds of the heat transferred is due solely to latent
effects.) A conceptual representation of a quasi-isothermal heat rejection
process is portrayed by the dotted line of Figure 6.

From this discussion it should be amply apparent that employing “mean ”
heat exchanger temperature values on the new cycle indeed imposes an unreal-
istic constraint on theoretical performance when compar ing such performance
to the reverse Rankine cycle. It is therefore interesting to note in the
present example that if the maximum condensing temperature of 150°F is em-
ployed along with the minimum evaporating temperature of 40°F (as employed
in the previous fluorocarbon 12 example) the performance rises substantially to:

COP = 8.19

L~~
This is neariy twice the theoretical performance of the ideal reverse Rank’.ne
cycle.

Next , another interesting configuration ~~~~ new cyc le will be
presented .

The New Cycle: A Heat Pump Configuration

Figure 7 illus trates an intriguing con figuration of this cyc le which
is termed the simple “ice_maker ”* heat pump . This configuration of the
cycle also consists of three basic components: The primary heat exchanger ,
FIX

1
, the Compressor/Expander Circulator , C/E , and a Source Storage Vessel ,

S/SV.

*Oak Ridge National Laboratory is credited with this term after its work
on a reverse Rarikine system called an “ice maker” heat pump.
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Figure 7: Simple Cycle Ice-Maker Heat Pump

In describing this configuration it will be again specified that
the primary carrier component is air and the secondary component is water.
Further, it will be specified that S/SV initially contains liquid water at
32°F, one atmosphere pressure. In operation , saturated air at 32°F,
(state point (1)) on its way to the compressor , flows to water injection
point i. Liquid water in a fine spray mist form is injected at this point
to yield state point (1’). This air/water mixture is then compressed to state
point (2). The warm emerging flow then proceeds through FIX

1 
where a portion of

its thermal energy is rejected to the area being heated . The flow continues

-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—.

~~~
-—-‘ .- ‘~.—-.•
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~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

18

to state point (3) after which additional 32°F water from the storage
source tank can be injected (or rejected) at location j, thus changing
the energy level to state point (3’). Finally, the flow is expanded to
state point (4), where cold air and ice are transported back to the
source/storage vessel.

Previous discussions related to the depression of the polytropic com-
pressor index , of course, are sufficient to qualify here. However , some
additional discussion related to the expansion process is worthwhile. From
a second—law standpoint, it is apparent that the most effective expansion
would be that which would produce a final temperature of substantially 32°F.
Furthermore, as much expansion at isothermal conditions as possible would
further enhance total cycle efficiency. With this in mind , one can explore
what will happen during the expansion process. Generally speaking , of course ,
the flow emerging at (3) (or (3’)) will be well above 32 °F (say , 50°F) after
water injection . If appreciable quantities of water (say, 2000-4000 grains
per pound of dry air) in small droplet form exist in state point (3 ’) ,  it

F turns out that not only does a significant portion of the expansion take
place isothermally , but the initial non—isothermal portion of the ex-
pansion takes place at a very low polytropic index (say, on the order of
1.15). Examining this further, it can be seen that this occurs because the
substantial quantities of water provide considerable energy transfer to the
carrier air during the temperature drop f rom , say , 50°F to substantially
32°F. This energy contribution consists of three terms: the sensible corn-
ponent of the liquid, the vapor and the latent component arising from the
small amount of liquid that condenses during that portion of expansion .
Then , when the freezing temperature of substantially 32°F is reached , but
expansion proceeds, some of the water droplets freeze as the expansion
temperature attempts to drop below the freezing temperature . The freezing
process , of course , liberates energy to the carrier , and maintains the
expansion at a substantially isothermal level and continuously produces ice.

Thus , the role of the secondary component here plays an especially
interesting dual role. The first and most basic role is that of a thermal
source because it is coming from the storage vessel. However, the second
and less obvious role, is that of directly enhancing cycle efficiency
through optimally influencing the work recovery process path.

During the cold season , the heat pump wil l  continuously draw thermal
energy from the source tank . In so doing, a considerable quantity of the
water will be converted to ice. Therefore , when warm weather returns , an
essentially free source of air conditioning is available. In order to employ
this source of air conditioning , one simply circulates the ice-cold water
remaining near the bottom of S/SV throught FIX

2
. During the summer months,

then , the ice is slowly melted as energy from the house is transfered back
to the source for use during the winter.

_ _ _ _ _ _  _ _ _ _ _ _ _ _  -- 
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A somewhat more complex configuration of this type of heat pump is
represented in Figure 8. This embodiment employs a regenerative heat
exchanger to transfer some of the thermal energy from the sink to the flow

• proceeding to the compressor . The effect of this added component is in-
teresting: it provides for an increase in heating capacity while providing
for an isothermal expansion essent ially over the entire expansion process .
Further , if allowances are made in compressor temperature ratio (say , by
a reduction in pressure ratio or , more likely , an increase in compressor

• enrichment flow) that would provide for the same compressor discharge tençora-
ture as the comparable non-regenerative case , a small increase in theoretical
COP occurs.

The flow diagram pictured in Figure 8 can be understood by following
the flow circuit. The primary component is again chosen to be air with
the secondary component being water. For the sake of description it will
once more be assumed that the storage source temperature is 32°F with
some ice floating in the tank. Beginning at state point (1), saturated
air at 32°F from the clearance volume of the tank source flows into the
regenerative heat exchanger , RHX , where it receives heat from the counter-
flowing mass emerging from the condensing heat exchanger, HX

1
. After

emerging from RHX , the flow enthalpy at state point (2) approaches the
counterfiowing enthalpy at state point (4) by the action of RHX. After
emerging from (2), 32°F liquid water spray fog is mixed with the flow, thus
emerging at state point (2’). The total enthalpy of the flow is somewhat
increased, principally due to the water mass addition occuring across (2)-(2’).
Depending upon the operating conditions , some 200 grains of liquid water drop-
lets are added per pound of dry air at this location.

After compression, the air—water mixture flows into the heating heat
exchanger— FIX

1 
at state point (3). Of course, the enthalpy at (3) is the

sum of the incoming enthalpy at (2’) and the amount of compression work
applied between (2’) and (3). As the hot air/water mix travels through FIX

1
,

fan air passes across the heat exchanger, thus providing heating. Simul-
taneously , of course , the loop flow is yielding a like quality of energy so
that state (4) is reached. At this point, the air/water mixture is unable
to further deliver thermal energy to the sink. Nonetheless, a respectable
quantity of heat still remains. Therefore, the flow, instead of going
directly to expansion , detours through the regenerative heat exchanger , RHX ,
and yields further energy to the counter-flowing mass on its way to the
compressor. This flow thus emerges from RHX at state (5) where its en-
thalpy is reduced to a level on the order of state (1), depending upon the
effectiveness of R}IX. Next, liquid water at 32°F is injected into the flow
wherein it reaches state (5’). Again , the purpose of water injection is
to increase the work of expansion. This is achieved by depressing the
polytropic index, but, as previously indicated, now it will be depressed
all the way down to the isothermal value, i.e. , ri = 1. This occurs again 

- • - - . - . - - - •  -
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Figure 8: Regenerative Ice—Maker Heat Pump

by providing a sufficiently large number of grains of liquid water in small
droplet form . As the expansion process begins , the air temperature will
attempt to drop below the freezing value . Once more , due to the presence
of the water droplets , as soon as even a small temperature difference de-
velops between the air and water , some of the tiny droplets will freeze .
This freezing process liberates energy which is transferred directly to the
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air , thus bring the air/mix temperature back to the freezing value . This
process continues in a quasi-static isothermal fashion so long as expansion
takes place and liquid water droplets exist. As previously discussed ,
isothermal expansion yields maximum work of expansion thus maximizing the
cycle efficiency.

Sample Comparison - Simple Cycle Ice-Maker Heat Pump

The ideal heating coefficient of performance for the simple “ice—maker”
heat pump cycle configuration as shown in Figure 7 is next presented in order
to assess its ideal performance.* The ideal performance of this cycle is
compared to a similar ice—maker system employing fluorocarbon 22 in the re-
verse Rankine cycle such as the unit being developed at Oak Ridge National
Laboratory, Oak Ridge, Tennessee .

Operating Conditions

Ambient: T. = 70°Finside

System: T1 = 32 °F, saturated

T2 
= 140°F

= 70°F

T
4 

= 32°?

• Pressure Ratio 3:1

Refrigerant: Primary Component = Air

Secondary Component — Water

As noted on the preceding page, ordinary atmospheric air and water has
• again been chosen as the carrier and secondary component , respectively.

• Consistent with ideal calculations , the effectiveness of HX1 is chosen as

100% (the return air flowing over FIX1 in a warm air system, typically , is

5—10 degrees cooler than room temperature) and T2 of l400F** has been
selected to obtain an average condensing temperature of 105°? with

• the source temperature at 32°F. Ismediately apparent in this system con-
figuration is the absence of an evaporating heat exchanger (HX 2

) and the

*The entire calculational procedure for this example is presented in
Appendix B.

**See discussion on pages 15 and 16.

• •~~ - - •~~~~-~~~~- --~~~-~~~~~~- - - ~~~~~~~~~~~~~~~ • - • _ •~~~~-—-~~~~~~~~~~~~~~ -
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isolation of the system from the varying outside atmospheric temperature
because the heat source is the water in the storage vessel.

Application of the foregoing analytical models to the heat pump con-
ditions set forth yields the following ideal coefficient of performance:

I COP = 7.38

L Eh

If a maximum condensing temperature of 105°F is chosen , the ideal co-
efficient of performance rises substantially to:

COP = 9.72Eh

The performance of the ‘ice-maker ’ heat pump configuration of the new
cycle is next compared to an ideal R-22 reverse Rankine system which employs
subcooling of the condensed liquid to 70°F and operates with a condensing
temperature of 105°? and a source temperature of 32°F. Again, referring to
Figure 5 and R—22 tables , the heating coefficient of performance is found
as:

COP~~ = _______

= 119.84 — 30.116
119.84 — 107.459

C0P~~ = 7.25
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This ideal COP for the reverse Rankine system is somewhat unrealistic
because an evaporative heat exchanger is required to absorb the source

-• energy . Typically, a 10—16°F temperature difference is necessary for use
of the heat source (Ref. 4). Employing a more realistic ideal evaporating
temperature of 20°F instead of 32°F, the ideal heating coefficient of
performance for the reverse Rankine “ice—maker ” heat pump falls to:

[

COP
R~ 

= 6.12

The results of the foregoing analyses and calculations are presented
in Table 1.

Table 1: Performance Comparisons Between the
Reverse Rankine Cycle and the New Cycle

Conditions
Air Conditioner COP

-_____________________________ Condenser Evaporator 
_________________

0 o -‘Reverse Rankine Cycle 150 F 40 F

New Cycle a) 205°F 0°F 5.22

b) 150°F 4O
0
~

Heat Pump

Reverse Rankirte Cycle a) 105°F 32°F 7.25

b) 105°F 20°F 6.12
New Cycle 

0
(no regeneration) a) 140 F 32 F 7.38

b) 105°F 32°F 9.72

~

--

~

- __

~ -
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A Compressor/Expander Machine: The ROVAC CirculatorTM

As indicated in the Introduction of this papter , the author has been
involved in appreciable activity directed toward the development of actua l
hardware that can be used to efficiently effectuate both the non-enriched
and enriched version of the thermodynamic cycle discussed here . The de~~ ce
that has received the majority of attention is termed a ROVAC Circulator
This machine , basically an anti—friction constrained rotary—vane device , is
unitary in nature in that it simultaneously produces in a single unit
all the processes required to achieve cooling and heating in the new cycle.
Figure 9 shows a photograph of one of these units. This particular machine,
known as the Model 217, provided the engineering basis for the Model 222
automotive air conditioning unit scheduled for light pilot production be-
ginning in mid-1977 at ROVAC Industrial Center. Real machines have produced
adiabatic compressor efficiencies very nearly equal to unity. Such machines
have also produced adiabatic expander efficiencies in the low 90% range. The
respectable efficiencies of these Circulators is due in large part to the
anti-friction nature of the machines . That is , the vane tips do not contact
the stator wall due to the simple constrained vane/cam geometry . In addition ,
the closed loop machines carry lubricating fluid and the specially designed
vane flank surface designs insure full hydrodynamic film lubrication of the
vanes within the vane slots.

Closure: General Discussion and Conclusions

This paper has disclosed , discussed and analyzed a new and interesting
thermodynamic cycle. The results of analytical models and methods developed
here predict that the ideal performance of the new cycle is greater than the
well—known fluorocarbon reverse Rankine cycle which is currently the “back-
bone” of the present air conditioning, heat pump and refrigeration industry .

As indicated in the abstract, although the polytropic model employed
here does provide considerable insight into the nature and character of
both the compression and expansion processes of this cycle , this model as
employed, does not precisely provide for ideal isentropic processes. In
fact , in the example calculations made, (see Appendices) small gains in
entropy were generally noted for both the compression and expansion pro-
cesses. Of course, this indicates that the “ideal” performance prediction
for the new cycle is somewhat pessimistic (5].

The basic attributes of the new cycle may be intuitively apparent. As noted
earlier, the new cycle can be conceptualized as a synergistic union between
the air cycle and the vapor-compression cycle . This is because the new
cycle is structured in such a way as to simultaneously employ the energy
recovery advantage of the air cycle and the isothermal heat transfer processes
of the vapor compression cycle. By its nature , the new cycle is able to re-
cover energy from a condensable component that can provide significant
volume change effects in a gaseous carrier component. As well , the isothermal

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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heat transfer characteristics of the reverse Rankine cycle can be closely
approximated by the properties of the working fluid mixture , thus adopting
this very positive attribute of the vapor—compression system. Further,
the effects of the secondary component on both the compression and ex-
pansion processes of the new cycle are favorable.

Once one has accepted the fundamental superiority of the ideal pro-
perties of the new cycle , obvious and important questions arise regarding
its actual practical implementation. For example , one of the well-known
practical attr ibutes of the reverse Rankine cycle is that cycle efficiency
is a function of the efficiency of only one volume-changing component :
the compressor . This is not the case with the new cycle ( and the reverse
Brayton cycle) which is dependent upon the product of the efficiencies
of both a compression device and an expansion device . Thus , actual cycle
eff iciency attainment is more sensitive to machine efficiency in the case
of the new cycle than the vapor compression system. (Considering the
vapor compression cycle , however , it appears reasonable to note that even
some expansion efficiency is better than none at all.)

Regarding further the matter of compressor and expander efficiencies,
it has been the author ’s experience with the ROVAC Circulator that the
machine exhibits a high volumetric efficiency. Tests made by the En-
vironmental. Control Section of the Air Force Flight Dynamics Laboratory
at Wright—Patterson Air Force Base (Ref . l )  have confirmed volumetric flow
efficiency levels very nearly equal to unity . This is an important factor
that must be considered carefully when comparing the reverse Rankine cycle
to the new cycle. This is because volumetric efficiency is itself a multiplier
in determining overall vapor compression system performance. That is, the
overall reverse Rankine performance is the product of the compressor efficiency
and the volumetric efficiency. While by no means does the unitary compressor/
expander device ameliorate the basic need for good efficiency of both the
compression and expansion processes , the unitary nature of the Circulator does
offer clear economies in efficiency because it is basically a single machine .
Further , it is well known that the use of a regenerative heat exchanger (or
recuperator) in the reverse Brayton cycle can be used to mitigate the
sensitivity of that cycle to the irreversibilities inherent in real compressor
and expander devices. The same option , of course, is open to the new cycle.

Continuing with the topic of heat exchangers , it is improtant to note that
even minute quantities of moisture present in the loop air drastically
improve the internal heat transfer film coefficient of air—to—air heat
exchangers (Ref. 2, Ref 3). In this connection, it has nen interesting
to learn in actual tests that unmodified fluorocarbon fin-and-plate evaporator
cores used in automobile air conditioning systems have provided cross-flow
heat exchanger effectiveness values in the ninety percent bracket with less
than 1 psi pressure loss. (Of course, a cross—counter flow core configuration
would be better.)

It is worthwhile to note that in the closed system configuration ,
pressurization of the closed system effectively “dilutes” the machine’s

j  
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frictional losses over the resulting increase in produced cooling . That
is, if a system is operating at a given set of conditions and the evapora-
tive heat exchanger reference pressure is, say doubled from one atmosphere
to two atmospheres , the cooling capacity is essentially doubled . How-
ever , the “over—head” friction of the machine which consists principally
of bearing friction and hydrodynamic lubricant shear will increase only
very slightly. Thus , the system can inherently improve its performance
through pressurization. It is further interesting to note that the
positive benefits of pressurization are not limited to mechanical friction ;
to the contrary , they extend to dilution of adverse heat transfer,  porting
losses (velocity—squared losses vs. gas density losses) , and internal
leakage .

In conclusion , the results of the analyses of the new cycle indicate
that thi s natural refr igerant cycle offers a partial solution to the growing
world-wide energy shortage as well as a solution to the global pollution
and toxic substance problems related to conventional fluorocarbon refrigerants.

I
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Sample Calcula t ion - Air  Conditioning

The following presents the calculational details of the theoretical
assessment of the air conditioning configuration of the new cycle.

Operating Conditions

Ambient: T - = 95°F
outside

P. = 80°Finside

System: T
1 

= 80°F

T
2 

= 205°F

T
3 

= 95°F

T
4 

= 0°F

Pressure Ratio = 3:1

Refrigerant: Primary Component Air

Secondary Component = Water

As noted, ordinary atmospheric air has been chosen as the carrier com-
ponent and water as the secondary constituent. It can also be seen that,
consistent with ideal calculations, the effectiveness of HX1 and fiX2 are

chosen as 100%, and, as will become apparent, the values of T
2 
and T

4 are

chosen in order to provide a very conservative basis for comparison of
theoretical cycle performance between the new cycle configuration and two
of its important subcases. (That is, the average condensing temperature
is 150°F and the average evaporating temperature is 40°F.)

The pressure ratio of 3.0 was somewhat arbitrarily chosen because the
temperature ratio, in addition to being a function of the pressure ratio,
is also a function of the specific quantities of secondary component in-
jection. Therefore, once a pressure ratio is chosen, the amount of secondary
component added can be varied to reach the desired temperature ratios.
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To begin the calculation, we can apply Eqn . ( 13) to compute the poly-
tropic index of compression n ’ :

n ’0 
= + ln(

~~~
)/ln(

~
-)1 

-l

n ’ = 1.234
c

From n ’ , 
~~c 

can be calculated from Eqn . (12 ’) ,  af ter calculating mean
values for Rab~ 

C and h.
~ 

(to account for their variation over thevab fg
process due to variations in quantity of vapor component of the water) :

= 
1012.5 

- .l85(665
~

540)1

grains 1420
= 104.6c lb dry air

It can be seen from the conditions at hand that almost 105 grains will
be vaporized between these state points.

The energy level at the compressor inlet can now be calculated by
the following Eqn. (A— l) , which represents the enthalpy of moist air with
liquid water in thermal equilibrium:

U) U) .
h = C T + 

sat (1061 + C T) + C T . . . (A-l)
p 7000 pwv 7000 pw

where C is the specific heat at constant pressure of dry air , w is
P sat

the number of grains held at saturation , 
~liq 

is the number of grains of

liquid , C is the specific heat at constant pressure of the water vapor ,

is the specific heat of liquid water and T is the temperature in degrees
Fahrenheit. This yields :

-------—_-____________ --- ~~~—_—-.——-~~~~~~~- —-~ _yt _ 4z-_- . ~L.rw c~r_tn sn
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h1 
= .24(80) + (1061 + . 444( 80) ) + (l.0)(80)

t. 4A 77
Bt U

‘1 lb dry airm

Cont inuing to the expansion process, Eqns. (11) and (9’) are employed in
order to find the polytropic expansion index and the amount of water in-
jected:

= + 1n(~~~~)/ 1n(~~)] 

-l

1.206
e

- r778(L206 1.O) - . 174(5 55
~

46O)1

S Btu
z1 15 42 —
e lb dry air

The a~ otg~t of wate r , A~~ , at 95°F that must be injected to effect q ,

is calculated by taking into consideration the latent effect of water
bound in vapor form and the sensible and latent cooling of the injected
water.

That is:

15.42 — 
(82;1 7. l)  (12 10) + 

~~~~~ 
~~l.0) (555—460 ) + l43.~~

grains H 20
~~ 72.l

e lb dry air
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Thus , a total of 72.1 grains of water per pound of dry air must be injected
into the air stream prior to expansion in order to transfer sufficient
energy to the air.

The enthalpy at the expander inlet with the air fully saturated can
now be computed by means of Egn. (A-i);

h3 
= .24(95 + ~~~~~lO6i + .444(95)) + ~-~~~(l.0) (95)

h 36 72 Btu
3 

— Lb dry air

With this information one can proceed to calculate the two work
terms as well as the cooling capacity term that will be needed in order
to compute the cooling coefficient of performance of this example. Thus
the steady-flow compression work per pound mass of dry air can be cal-
culated as:

l
w
2 

= 
:-i 

~~~l) ~l1 
. . . .  (A-2)

.234

— 
1.234(55.9) (540) r(!\ 

1.234 
—l— 

778(1.234—1.0) L~’~
Btuw = 47 .39 —

1 2  lb dry airm

Next, the steady-flow expansion work per pound of dry air can be calculated
as:

—A



-~~~~~ ~ - -- -~~-~~ - ~~~---~~~~~~~ -- - .‘- - - ~~~- -~~~~~~~~ - - .  ._~~~~~- -_ —_-~~~~~-~~~~~~~~~

34

n -l

3
w
4 :

~~~

T
3 
[l_ (;~)

.206
I 1.206

— 
1.206(53.9) (555) I 

~.— 778( 1.206—1.0) L ~
Btu

w 38.52 —3 4 =  l b d ry airm

The cooling capacity is simply the difference in the enthalpies across

HX2 
and can be written as:

4
q
1 

= (h
1 

— h
4
) — 

~1jq = h1 
— (h3 

— 

3
w
4
) — 

~1jq

where 
~1jq 

is the amount of cooling energy required to cool the liquid

excess collected in the high pressure heat exchanger from 95°? to 80°F
prior to injection into the compressor inlet flow. Thus:

4
q
1
=44.77—(36.72 — 38.52) _ 

55.6+~~~~ 6 R2.l 72.~~ - (1.0) (555—540)

4
q1—46.34 ~~~dry air

IE~
Finally, then, the theoretical cooling coefficient of performance is
calculated as: 

~~~~~~~~- T - -
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COP =
- E w w

c 1 2 — 3 4

— 
46.34C E 

— 
47.39 — 38.52

COPE = 5.22
C

Applying the same calculational process using a maximum condensing tempera-
ture of 150°? and a minimum evaporating temperature of 40°F (which simply
encompasses an increase in the secondary enrichment flow rate), the co—
efficient rises substantially to:

COP
EC 

= 8.19
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Sample Calculation - Simple Cycle Ice-Maker Heat Pump

The following presents the calculational and analytical details
- - of the theoretical assessment of the ice—maker heat pump configuration

of this new cycle.

Operating Conditions

Ambient: T. 70°Finside

System: T
1 

= 32°?, saturated

T2 
= 140°F

T
3 

= 70°F

T4 
= 32°?

Pressure Ratio = 3:1

Refrigerant: Primary Component = Air

Secondary Component = Water

As noted on the preceding page, ordinary atmospheric air and water
has again been chosen as the carrier and secondary component, respectively.
Consistent with ideal calculations, the effectiveness of HX

1 
is chosen as

100% and P2 of 140°? has been selected to obtain an average condensing

temperature of 105°F with the source temperature of 32°?.

A pressure ratio of 3.0 is again chosen. By specifying both the
pressure and the temperature ratio, the amount of secondary component
necessary to reduce the polytropic index for a given set of conditions
can be computed. Therefore, beginning with Eqn. (13), the polytropic
index of compression, n’ , is calculated as: 

- .
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n ’ = 
[1 

+ ln(
~~~~

) /ifl (
~~)1 

-l

n ’ = 1.220
0

From 
~~~

‘

~~~~
‘ 
and Eqn. (12), 

~~~~~
‘ 

the amount of heat to be transferred

from the carrier component to the secondary component during the com-
pression process, can be calculated (after having calculated mean values
for R , C and h )as:

ab v bab fg

= 
[54.3(600 -492) 

- . l76(600_492)1

- Btu
q = 15.25 —c lb dry air

m

Neglecting the sensible contribution of the water vapor, M’ can be
calculated by Eqn. (12’) as: 

C

_____ = 
15.25(7000)

C h 1044.9
bfg

= 102.2 ~~
ains

c lb dry airm

Therefore, 102.2 grains of liquid water at 32°F must be injected prior to
compression to achieve the necessary polytropic index.

A check can be made to determine whether equilibrium saturation
conditions will allow an additional 102.2 grains of water at state point (2)
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in vapor form. At compressor inlet conditions, a maximum of 26.4 grains
can be held in saturation at 32°F and atmospheric pressure; while at the
compressor discharge, a maximum of 35.6 grains can be held in saturation
at 140°F and 3 atmospheres. Thus, the 102.2 grains can be held in vapor
form and a large portion of the heat transfer will be due to the latent
heat of the vaporization of the injected water.

The enthalpy at state point (1’) can be computed using Eqn. (A-l)
of Appendix A and by realizing that the temperature at state point (1’)
will remain at 32°F:

h1, = .24(32) + ~~~~-(l06l + .444(32)) + ~~~~
2(l.0)(32)

h = l2.20~~~~1’ lb dry air
m

The steady—flow compression work per pound mass of dry air can now be
calculated:

.220

l”2 = 
l.220(54.3)(492) [73\ 1.220

778 ( 1.220—1.0 )  
[~ l)

Btu
w = 41.72 —

1’ 2 lb dry air

Since the temperature at exit of HX (state point (3) ) is stipulated
to equal 70°?, the energy remaining in tAe working fluid mixture can again
be computed via Eqn. (A-l):

h3 
= .24 (70)  + ~~~~il061 + .444(70)) + (192.2 

;26.4 — 36.2) 
(1.0) (70)

h = 23.37 ~~~~~~~~3 lb dry air
in

_ _  _ _ _ _ _ _ _ _ _ _  -~~~~~ 
- -
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Water at 32°F will be injected ir~to the flow at this point, (3’), to
insure partial isothermal expansion for maximum work recovery. For cal-
culational purposes, assume that 1200 grains of water per pound of dry
air is injected into the stream and the energy at state point ( 3 ’)  can be
computed as:

h = h + h . = 23.37 + ~~2~ ( 1.0) ( 32)
3’ 3 in j  7000

14
2
0

h3, = 28.86 
~~~dry air

The temperature exisiting at state point ( 3 ’ )  is found in an iterative
fashion by matching constituent and mi xture enthalpies and coordinating
this matching process with actual thermodynamic property data. The result
is:

T3, = 58.72°F

The expansion work must now be calculated. In the first approach
taken here, the work will be calculated by postulating a two-step ex-
pansion process , i.e., first a non-isothermal expansion from 58.72°F to
32°F and then an isothermal expansion at 32°F down to atmospheric pressure .
This result will be compared to that obtained by assuming an average
polytropic index over the entire expansion process to demonstrate both
analytical approaches.

To determine the pressure at which the expansion process changes from
non—isothermal to isothermal, an iteration procedure is again necessary.
Assuming the transition pressure, P4

, to be 30.2 psia, the polytropic index

for the initial expansion pause can be calculated as follows:

At 32°F and 30.2 psia, 12.8 grains of water can be held in equilibrium,
while at 58.72°F and 44.1 psia, 24.6 grains of water can be held at saturated
conditions. Therefore, during the first expansion process, 11.8 grains of
water per pound of dry air can be condensed from the refrigerant medium.
This condensation of 11.8 grains represents the latent contribution to

needed in the first expansion phase while the sensible change of the re-
maining liquid water from 58.72°F to 32°F constitutes the remaining
portion of q .  That is:
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— (24.6_12.8)
(1067 8)+

(26.4+b02.2+1200 24. _ 0
~~

58.72 32)

3?e4 ,  7000 7000

— Btu
q = 6.78 —

lb dry air

Again employing mean process values for and C , the polytropic
ab

index of expansion, n ’
eI for the first portion of expansion (3’ to 4 ’ ) , can

be found using Eqn. (9):

53.6(518.72 — 492)
= 1 + 

778(.172(5l8.72—492) +

n = 1.162e

The assumed value of P4 , must be checked :

iie
I n - i

T4 , I e
P4 1 = P

3, L~J
1.162

P4, = 44.1 

~~
l8.721 

.162

= 30.18 psia

This checks closely with our assumed value of P4
, so we can continue.

At this pressure, the saturation humidity ratio is 12.8 grains of water
per pound of dry air.

The steady-flow expansion work per pound of dry air for the first
portion of expansion can be found as:

a
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= 
l.l62(53.6)(518.72) (~o .i~~ 

1.162

3’ 4 ’ 778 ( 1.162—1.0 )  L \~44.1 )

Btuw = 13.20 —3’ 4’ lb dry air

The second step of the expansion process occurs isothermally from
30.18 psia down to atmospheric pressure . The steady-flow expansion work
for an isothermal process can be computed as follows: (For an isothermal
expansion process, the amount of expansion recovery work is identically
equal to the amount of heat transferred to the carrier component.)

= 

~~ 

T~ in (;~-)
— ~

53.6(492)
1 

14.7)
— 

778 
n(

30 18

Btu
w = 24.38 —

4’ 4 lb dry air
m

Next, then , a check can be performed to determine if enough liquid
secondary component was injected into the flow prior to expansion to
permit an isothermal process:

- Btu
= 4 , w4 = 24 .38 lb dry ai r

Almost all of the heat transfer would be due to the latent heat of fusion,
of the water . Therefore, the amount of liquid component necessary

fusion
for a final isothermal expansion phase 

~~~~ 
can be found as:

liL 
- 

-
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4

- (7000)
= 41q4 h

bfusion

— 
24 .38 ( 7000 )

— 
143.5

= 1189 
grains of water

eR lb dry air
in

Since the amount of water injected at state point (3’) was 1200 grains ,
sufficient water was available for the partial isothermal expansion process.

The ideal heating coefficient of performance can now be calculated
for the new cycle operating in an ‘ice—maker’ heat pump configuration:

COP =
L E w - wh c e

(h ‘ + w ) - h
— 1 c 3 

— 
(12.20 + 41.72) — 23.37

— 

l”2 — (3 I
W 4 I  + 4,w4) 41.72 — (13.20 + 24.38)

COP = 7.38Eh

If a maximum condensing temperature of 105°? is chosen, the ideal co—
efficient of performance rises substantially to:

~COP~~ = 9.72]

The analytical approach using a two-step expansion process taken in
the above calculation differs from the previous example which modeled the
expansion as a continuous single-step process employing a single value for n .  

-~~~~~ -~~ - -~~~~~ - -~ - -



Upon review of the assumotions implicit in this method , it becomes
iimnediately obvious that the method of ‘index averaging ’ is a surprisingly
accurate averaging method . That is, a single—stLp process path approxima-

• tion is very nearly as accurate as the two step approximation . This
statement can be proven by recalculat ing the expansion work employing an
overall constant index as follows :

The overall ‘average ’ polytropic index of expansion is calculated as:

_ _  

7-1

n’
e 

= 

L1 
+ ln(

5l
9
~2)/ln (~)J

n ’ = 1.051
e

The steady-flow expansion work from state point (3’) to (4) per
pound mass of dry air is computed as:

— 
1.051 (53.6) (518.72) r fi~~ 

1.051

F 

31 w4 
— 
778(1.051—1.0

Btu
w = 38.23 —

3’ 4 lb dry air
in

This value compares closely with the previously calculated expansion work :

w = w + w
3’ 4 3’ 4 4’ 4

= 13.20 + 24.38 = 38.58 lb dry air

Employing the average polytropic index calculational approach represents
only 1.7% error in the computation of the work term. The primary sr’~~~ c
of this small error exists in the variation of Rab due to the continuous

__________ ______________________ - - -  - 
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variation in the amount of water existing in vapor form across the pro-
cess. Because only the end states are necessary for computation of the
reasonably accurate performance estimated and iteration steps are elimina-
ted, this analytical tool allows for more rapid and convenient computation
of the cycle state points. A note of caution in this connection, however,
should be added . Due to the fact that various calculations involving work
terms require subtraction of numerical values which are similar, small
errors can result. Very good accuracy can therefore be had by proceeding
with a number of steps through the volume-changing processes. Obviously
a digital computer can be easily employed for such calculations . It is
quite interesting to note that, in the final analysis, exact knowledge
of the process paths is not necessary to prove the basic efficiency of
the cycle simply because these paths are infinitely variable according to
the instantaneous ratio of t&/M

0 a 
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NOMENCLATURE

Symbols

h 
Etu Specific enthalpy

M lb Mass
m

p psia(atm) Partial pressure

P psia Total pressure

q lb dry air Specific heat addition

Btu
R Lb °R Gas constantmole

Btu
~ lb~~R Specific entropy

T °F Temperature

3
v f~— specific volume

Btu
lb dry air Specific compression work

Btu
we i~~~iry air 

Specific expansion work

lb (grains)H20
U) lb dry air Specific humidity ratio -

x - Mole fraction

- ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-
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NOMENCLATURE (Continued)

Subscripts

1,l’ ,2,3,3’,4 State points

a Dry air (primary component)

b Secondary component

c Compression

e Expansion

fg Liquid-vapor phase change

i, j  Location points

inj Injected

l,f Liquid phase of secondary component

r Refrigerant

s Saturated

5,1 Solid phase of secondary component

wv Water vapor

I.

J
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A Tabular Data Boundary-State Analysis

of the

Edwards Cycle

Abstract

This paper develops a simplified analytical method for determining the
theoretical ideal performance of the Edwards cycle employing only tabulated
boundary-state thermodynamic property data . The ideal Edwards cycle employs
a multi—component/mixed—phase refrigerant which undergoes two heat transfer
processes and isentropic compression and expansion processes. This cycle has
been previously analyzed through the application of a polytropic model for
the compression and expansion process El]. While this previous analytical
approach provides insight to the details of the Edwards cycle , it is subject
to slight errors resulting from small deviations from true ideal process path
models. conversely, the analytical methods presented here are fully independent
of any hypothecation of the details of the compression and expansion process
paths; one depends only upon well-known tabulated thermodynamic property data
over isentropic processes to calculate the theoretical ideal performance of
this cycle. Thus, this analysis is a direct analog of the method now used to
compute the ideal performance of fluorocarbon vapor—compression systems.

In an air conditioning system with a maximum condensing temperature of
150°F and a minimum evaporation temperature of 40°F, the polytropic analysis
of the Edwards cycle predicts a cooling COP of 8.19. The isentropic boundary-
state analysis , on the other hand , results in an ideal cooling COP prediction
8.22 including ideal secondary fluid injection work . A fluorocarbon vapor
compression system using R-12 as the refrigerant shows an ideal isentropic
COP of 4.26 across the same condensing and evaporation temperatures employing
condenser subcooling and evaporator superheating .

Introduction: The Edwards Cycle

Figure 1 portrays a general configuration of the Edwards cycle. As can
be seen , the system consists , in addition to the working fluid , of three basic
components: the primary condensing heat exchanger , HX1(ho t side) , the compressor/
expander device, C/E , and the secondary evaporating heat exchanger , HX2 (cold side).

During operation , working fl uid flows from HX 2 at state point ( 1) ,  is compressed
by C/E to state point (2), where thermal energy is rejected through RX

1
. The flow

emerges from HX1 at state point (3) and expands through C/E to state point (4).

• Finally, the working fluid passes through HX
2 where it receives thermal energy

until it emerges at state point (1). The cycle is then continuously repeated.
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Figure 1: The General Configuration of the Edwards Cycle

In general, the multi-component/mixed-phase refrigerant used in the
Edwards cycle consists of a permanently gaseous carrier constituent, termed
the primary component, a, and a state and phase-changing constituent termed
the secondary component, b. This mixed refrigerant continuously circulates
through the system. During operation the secondary component in the liquid
phase will collect in both heat exchangers. Therefore, generally speaking,
only the vapor phase of the secondary component will automatically accompany
the primary component. This condition is termed the “non-enriched” version
of the new cycle. The amount of this type of secondary component circulation
will , of course, be dependent upon the thermodynamic properties of the two
components as well as the state point values around the cycle. 

-~~~----- 
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In order to take full advantage of the characteristics of this cycle,
it is important to control the ratio of mass of the secondary component with
respect to the primary carrier component at various locations in the system.
A schematic means for achieving this is depicted in Figure 1 by thin solid
lines. These lines represent the enrichment flow of the secondary component
in liquid form to two important locations in the system and , hence , this
configuration is termed the “enriched” version . The injection of liquid
component b (continually collecting in the heat exchangers) into component
aat (1), yielding state point (1’), will tend to decrease the work of com-
pression required to reach a given pressure ratio due to the sensible and
latent absorption of compression heat. Likewise, additional secondary liquid
injected downstream of state point (3) , yielding state point (3’), will in-
crease the energy of expansion due to the release of sensible and latent energy
to the gaseous carrier component. Naturally , the continuously recirculating
secondary component also greatly influences the heat rejection and absorption
rates and heat exchanger temperature profiles. Of course , a parasitic liquid
pumping requirement exists in order to elevate the secondary flow pressure
from P

1 
(P
4
) to P3 (P1

).

From this system description it is interesting to note that both the
reverse Brayton cycle and the reverse Rankine cycle are subcases of the
Edwards cycle. For example, by reducing the mass ratio of secondary component
to primary component to zero (ie : Mb

/M = 0), the Edwards cycle becomes the

reverse Brayton cycle. By reducing M
a to zero and specif

ying the expansion

process to be isenthalpic, the reverse Rankine cycle emerges.

The Edwards cycle can be conceptualized as a synergistic union between
the air cycle arid the vapor-compression cycle. This is because the new cycle
is structured in such a way as to simultaneously employ the energy recovery
advantage of the reverse Brayton cycle and the isotherma l heat transfer process
of the vapor—compression cycle. By its nature, the Edwards cycle recovers
energy from a condensable component through the expansion process simply by
suspending it in a gaseous carrier component that can provide significant
volume change . As well , the isothermal heat transfer characteristics of the
reverse Rankine cycle can be closely approximated by the properties of the
working fluid mixture due to the large latent contributions of the secondary
component.

In order to generate predictions regarding ideal theoretical performance,
various enthalpic state-point data is required. Specified environmental
conditions as well as certain arbitrary system conditions and parameters provide
portions of this data. For example, if the maximum condensing temperature,
minimum evaporation temperature and pressure are specified along with the
source and sink temperatures, the initial enthalpy prior to, say, compression
can be determined ir the refrigerant composition and properties are known.

-

~

-
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However, in order to find the enthalpy state after compression, the energy
of compression must be found . An approach to this is to assume a general
work path function such as the polytropic process and determine the polytropic
index of the process. The polytropic index can be found through the simul-
taneous appl ication of the first law of thermodynamics and the mathematical
def inition of the polytropic process . Co-author Edwards applied this technique
in the original analysis of this cycle (1] .

Subsequent analysis employing the second law of thermodynamics disclosed
that, from an ideal standpoint, the original analysis was slightly pessimistic.
Initial and final entropy state calculations across both the compression and
expansion process disclosed that slight gains in entropy resulted from the
assumed process paths. Therefore, in order to produce truly ideal performance
predictions, either the details of the process paths would have to be modified
to provide isentropic processes or an isentropic process could be specified
a ‘priori and tabulated thermodynan4c property data applied at the boundary
states. This latter approach was chosen for the present paper. The advantages
of employing this approach are that not only does it obviate the need for
knowledge of details of the process path, but the boundary—state analysis
method is exact and presents a direct analog to cycle analysis procedures
established for fluorocarbon systems. This method also legitimizes the Edwards
cycle and clearly demonstrates its validity.

Tabular Boundary-State Analysis Method

Implicit in the following analysis are two basic thermodynamic assumptions:
1), the primary and secondary components (in this case, air and water, respectively)
exist together at thermal equilibrium and 2), the moist air portion of the re-
frigerant behaves essentially as an ideal gas. Exception may be taken to the
first above assumption; however, as indicated in Ref. [1], through the application
of fog droplet heat transfer analysis, typical liquid atomization methods can
achieve the necessary inter—component heat transfer rates to accomodate thermal
equilibrum even during rapid compression and expansion processes . Treating the
moist air as a perfect gas mixture is permissible since the partial pressure
of the water vapor is much smaller in comparison to the total system pressure
(Ref. (2 1) .

Referring to Figure 1, on an enthalpy basis , the cooling coefficient of
performance can be generally written as:

h1-h4COPEc (h 2-h1, ) — (h 3, -h 4) 
(1)

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - --- — - •--- ----- --
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To effect the evaluation of the coefficient of performance , then, it
becomes a matter of computing the enthalpies at various state points. In
general, for a refrigerant, all eight basic thermodynamic properties can be
found once any two are known. Since the refrigerant employed in the Edwards
cycle is multi-component in nature , that is , two distinguishable fluids are
present existing simulataneously at the identical system total pressure and
temperature at any given location , only two properties (plus relative composition)
are required to compute the refrigerant property at that point. Thus the total
refrigerant properties can be determined by summing the properties of the in-
dividual components. This method then allows use of standard property tables
to determine the actual air and water mixture properties.

If the evaporative heat exchanger environment is specified (which will
normally be the case) and the low side pressure is set, and further, if
the amount of secondary component is known (saturation conditions will prevail
at state point (1) because all of the condensed and liquid water will drain
in the evaporative heat exchanger and eliminate liquid carry—over) , the
thermodynamic state of (1) is fully prescribed. That is T

1
, P

1
, and are

known. From these, all other properties can be determined.

If next, the maximum condensing temperature and pressure ratio of the
cycle is prescribed, the entire condition of state (2) can be determined
because an isentropic compression is also prescribed, i.e.:

(2)

The entropy prior to compression, s1,, is determined by the equation:

~l~~
’
~i 

~~~~ . . . . (3)

where s
1 is the specific entropy of the injected water (on a per pound ofwater basis)- which will be in liquid form. Thus, the injection entropy is

solely a function of injection temperature - which must be additionally
specified. As will be seen subsequently, the injection temperature will
be taken (somewhat arbitrarily) to be the temperature of the heat source, T

1
.

The continuity equation can be written for the water in terms of the
specific humidity across the compressor yielding:

U) = W  +~~~~ . . . . (4)
2 1 i.
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Equations (2), (3) and (4) can be solved iteratively to find w ,

the amount of secondary fluid injected at i , af ter which the properties
of interest, i.e., h1, arid h2 , can be calculated .

Having established all properties at state (2) one can next proceed
to determining the thermodynamic state at (3). This can be uniquely de-
termined because the primary condensing process is isobaric , the sink tempera-
ture is known , and state (3) is constrained to saturation (all liquid falls
out into HX1

) .

With all the properties at (3) determined, one can proceed to state
point (3) where again the entropy ~an be written as:

4

S3, S
3 

+ (i)~~5~~ . . . . (5)

where s~ is the specific entropy of liquid water at T1.

Similar to the compression process, by prescribing an isentropic ex-
pansion process in addition to the minimum evaporation temperature (remember:
The pressure ratio has already been determined and the evaporative heat ex-
change process is also isobaric.), the amount of water injected at ican be found
directly without iteration. The final enthalpies necessary for computation
of the COP, h3,, and h4

, can then be readily determined.

As will become apparent in the following section, in order to prevent
optimistic performance projections, it is necessary to include a small parasitic
cooling term to account for the mass of water condensed in HX

1 
at the heat sink

temperature and a small power degradation term that arises through injection of
additional secondary component prior to the compression and expansion processes.

The following section details an air conditioning cycle analysis in con-
jection with actual thermodynamic properties to provide ideal performance
projections that will clearly manifest the remarkable ideal performance of
the Edwards cycle .

Example Calculation: Air Conditioning Cycle Analysis

This section presents the calculational equations and details for the
theoretical assessment of the air conditioning configuration of the Edwards
cycle. 

~~--~~~ -~~~- -
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Operating Conditions

Ambient: T = 95°Foutside

T. = 80°Finside

System: T
1 

= 80°F

= 150°F

T
3 

= 95°F

= 40°F

P
1

P
4
= l a t m

Pressure Ratio = 3:1

Refrigerant: Primary Component = Air

Secondary Component = Water

Consistent with ideal performance calculations, the heat exchangers are
assumed to have a 100% effectiveness with zero pressure loss. The pressure
ratio was arbitrarily chosen and was not optimized for the given environmental
constraints; rather, the purpose of employing a pressure ratio of 3:1 was to
afford a proper cross—check on the performance predictions obtained via the
polytropic process paths as taught by Edwards (1].

Since in this cycle, the amount of gaseous primary component does not
change , while, on the other hand , the water may be condensing or vaporizing,
the properties are hereafter written on the basis that dry air is the re-
ference quantity. The reference state for air was arbitrarily chosen as 0°F
and 14.696 psia while the reference state for the water was chosen as 32°F.

4 At state point (1), the following conditions exist:

T = T  T = 80°Fl,a l,b 1

= 14.696 psia = 1 atm and the refrigerant is saturated.

The amount of secondary component at state point (1) is determined by the
saturation pressure of the water at T

1 and the system pressure P1. Employing

the following relation~ the saturated humidity ratio can be calculated as:

~ 

_ _ __  

_
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.62198 p (T
wv , s I

= 7000 . . . . (6)l,sat P1—p 5(T1
)

grains
w w = 155.7
1 l ,sat lb dry air

where p~~, 5 (T1
) is the saturation pressure of the water vapor at T1.

The enthalpy of the re frigerant can now be determined by employing
the general equation:

h h +~~~ h +~~~h +~~~ h . . . . . (7)r a wv wv ~~f s i

h1 
(129.06—109.9) + ( 1096.4)

The first term consists of the dry air enthalpy adjusted to the reference
state while the second term represents the enthalpy of saturated water vapor
per pound of dry air. Performing the calculation, one finds :

h 43 55 Btu
1 lb dry air

The entropy at state (1) can be computed using the following general equation :

~ = s  +~~~ S + w s  + - ~,s . . . . . (8)
r a wv wv i f  s i

- i
Since the entropy of gas is a function of both the partial pressure of

the gas and the temperature, the entropy property for a gas is commonly found
by using the following relation :

= 

~a 
- R in(p ) . . . . (9)

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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where the first term , which accounts for the variation of specific heat
with temperature, is dependent only on the temperature and is conveniently
tabulated. The second term represents a pressure correction term to be
applied whenever the partial pressure of the air is not identically equal
to one atmosphere absolute.

The partial pressure of the air is found by first computing the mole
fraction as follows:

1 .... (lo)a l + w  rM
I a

70001 ML~ WV

Applying Dalton ’s law, one obtains:

Pa = XP . . . . (11)

p (l—x )Pwv a

The entropy at state point (1) can be computed by combining the results
of Equations (8) through (11), yielding:

= 0.60078 — 

28.97(778) 
in(.9654) + (2.0356)

Here, the first two terms represent the entropy of the air as given by
Equation (9), while the last term is the entropy of the saturated water
vapor. (Note: The term 

~

‘ was not referenced to 0°F). The result is:

Btu
s = 0.64847 —1 lb dry air °R

The properties at state point ( 1’) cannot be fully calculated until
the amount of water to be injected at i is found. The relations for the
enthalpy and entropy at (1’) are shown below having constrained the injection
temperature of the water to equal the temperature of the heat source, 

-~~~~~~~~-— -
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w
= 43.55 + (48.09)

0.64847 + (.09332)

At state point ( 2 ) ,  the following condition s exist:

T T T = 150°F2 ,a 2 ,b 2

P2 
= 3 atm

The continuity equation dictates that:

U) = w  + w .2 1 i

and the entropy at state point (2) is found by:

1545 (155.7 + w .)
s2

0.6300l _
28~97(778) LnU3)xa2

]+ 
7000 

5wv,2

where 
~~~~ 

is the specific entropy of the water vapor which is a function
of both P

2 and the partial pressure of the water vapor, p~~,2. This equation
is valid only as long as w

2 
is less than or equal to

Prescribing an ideal isentropic compression process yields :

sl , = s 2

While the only unknown in the above equation is the amount of water to be in-
jected prior to the compressor, the values for x and $ .~ are dependenta, 2 wv , 

~~~~ -~~~~~~~~~~~~~ -_“ - -- - - -_ - - - - - - -
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on the quantity w~. No exact closed form solution is available for solving

this equation when the compressor discharge flow is unsaturated and one
must resort to an iteration process. The procedure entails guessing a value
for w ., computing p ~, and P , then determining the value of s from the

i. a, wv ,2 wv , 2
saturated or superheated steam tables - whichever is applicable . The
numerical value obtained from the s~ , equation is compared to that obtained

from the 
~2 equation. The amount of injected water is varied until tI~ese

two quantities are equal.

After numerous iterations of the above type, it is found that:

grains H
2
0

• w .  = 182.5
1. lb dry air

m

The enthalpies before and after compression can now be calculated as
follows:

h
1, 

= 43.55 + (48.09)

h =44 80~~~~1’ lb dry air

h2 
= (145.875—109.9) + 

(l55;7 + 182.5) (1126.3)

h2 
= 90.39 dry air

At state point (3) , the following conditions are known:

Ta,3 
= T

b 3  
= =

P3 
= 3 atm and the refrigerant is saturated.

_ _  ----- .—~~~~~ - - _ _ -
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F-
This state point is completely described and after w and x are3,sat a, 3
found , the enthalpy and the entropy can be computed as:

h 3 = (132.66—109.9) + (1102.9)

h = 3 5.70~~~~3 lb dry air

S
3 

= .60732 — 

28. :7(778) £n[3(.98] .5) ] + (1.9951)

Btus = 0.55669 —3 lb dry air °R

Similiar to state point ( 1 ’) ,  the enthalpy value at state (3’)  cannot
be determined until the amount of water to be injected into the expander ,
w . ,  is found. However , the value of w.  can be uniquely and directly obtained

by specifying an ideal isentropic expansion process. Again, the injected water
is taken to be at the source temperature, T1. Therefore , the entropy at state
point (3’)  is:

S
3~ 

= 0.55669 + ( .09332)

Turning next to state point (4) , the following conditions exist:

P = T  T = 40°Fa, 4 b,4 4

P4 1 atm and the refrigerant is super—saturated.

r
The refrigerant will necessarily be super—saturated at the expander outlet
since the refrigerant entered at saturated conditions. Therefore , the partial
pressures of the air and water vapor can be evaluated immediate ly in addition
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to the entropy of the two water terms - which, in this case , are solely a
function of temperature. This will permit a closed form solution to obtain

The entropy at state point (4), which includes contributions by the air,

water vapor and liquid water , in conjunction with the mass balance relation ,
can be written as:

54 
= 0.58233 - 28.9 1(778) in (.9917) + . (2.1592 )

(82 .1 + w . — 36.3)
+ 7000 (.01617)

The value for w . is found by equating 5
3

1 and 54 to yield :

-

- grains H
2
0

w.  = 3403.9
j  lb dry air

Finally, the enthalpies at state points (3 ’)  and (4) can be found:

h 3, = 35.70 + (48.09)

h 59 0 8 Btu
3l ].bdry air

h4 = (119.48—109.9) + (1078.9) + 
(82.1 + 3403.9 - 36.3) (8.02)

h l9.13~~~~- 4 lb dry air

The enthalpies at each state point have now been determined and the
performance of the Edwards cycle under these particular constraints and
conditions can be accomplished . The cooling coefficient of performance is
defined as: •

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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cooling delivered
c net work required

The Edwards cycle is unique in that the total mass flux varies
throughout the system. Therefore , a certain amount of work is required to
re-inject the secondary component into the refrigerant stream prior to com-
pression and expansion . While pumping work for low viscosity liquids is
relatively small, it should be included when evaluating the performance.
Assuming a head pressure of two atmospheres is necessary to inject the water
into the expander , the ideal injection work can be computed as follows :

W • W vtiPinj in) -

— 
(3403.9) 

0 73 29 4— 
7000 (. 160 ) ( 

~788~

Btuw . = 0.04 3 —lb dry air

The cooling capacity can now be determined. Since the refrigerant is
multi—component in nature, one of which will undergo considerable latent
and sensible energy change, it is necessary to be extremely careful when
performing this computation . For the sake of clarity , refer to Figure 2 be-
low which depicts the moisture flow and the system configuration chosen for
this particular analysis.

By conserving the mass flow throughout the system and recalling that
the injection of water into the compressor and expander was stiuplated to be
at the source temperature (80°F) , it becomes apparent that the amowit of water
condensed on the high pressure side (w 2- w

3
) ,  would need to be cooled from 95°?

to 80°F prior to injection. This can be effected by flowing the liquid excess
from HX up to the evaporative heat exchanger for cooling (this could be
easily accomplished since the pressure difference existing between the two
heat exchangers would automatically pump the fluid) . It should be realized
that the condensed liquid need not be circtlated up to HX 2 , rather , this excess

liquid could be simply reinjected as point 
~~, 

as indicated in Figure 1, along
with the 80°F water from HX2 . The effect would be to lessen the total amount
of injected water required at state point (3’) to achieve the desired isentropic
expansion .

k •- -
~~~~~
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Figure 2: The Edwards Cycle Employed in an
- Air Conditioning Configuration

Depicting the r .bisture Flow

Employing the first law of thermodynamics in concert with the con-
tinuity equation , an energy balance can be written on the evaporative heat
exchanger :

(w
2

w
3

) 1w +(w -cu ) -cu I
+ h

4 
+ 7000 h f ,3 — h1 + ~ 

7000 
~ h f ,1
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Solving for the total cooling capacity , 
~~~ 

yields:

— 43.55 - 19.13 + 
(3486 + (338.2—82.1) — 155.71 ( 48.09)

— 
(338.2 — 82.1) 

(63 067000

= 46 .75 
dry air

- - - The cooling coefficient of performance of the Edwards cycle can now be
obtained:

COP =• E w -w  +w .
c c e inj

I — (h2—h11 ) — (h31 —h4
) + Wj~~

— 
46.75

— (90.39—44 .80) — (59.08—19.13) + 0.043

COP
E 

= 8.22
C

All of the thermophysical properties used in the analysis of the Edwards
cycle were obtained from the following two sources :

For the dry air :

Source : K. Wark , “Thermodynamics” , 2nd ed. , McGraw-Hill Book Co.,
New York , 1971. Data from LH.  Keenan and J. Kaye, “Gas Tables ” , John Wiley &
Sons , Inc . New York , 1945.

~ 

i .__________ • • • • •  __ __
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For the water :

Source : J.H. Keenan , et al, “Steam Tables ” , John Wiley & Sons ,
Inc. New York , 1969.

The performance of the Edwards cycle should be compare d with an ideal
reverse Rankine cycle employing fluorocarbon 12 with isentropic compression ,
an evaporating temperature of 40°F and a condensing temperature of 150°?.
Further, the fl uorocarbon reverse Rankine cycle will superheat from 40°? to
80°? in the evaporator and subcool the liquid from 150°F to 95°F prior to
throttling. using tabulated property values from the ASHRAE “Handbook of
Fundamentals” for R—12 , the ideal cooling coefficient of per formance can be
shown to be:

COPR 
= 4.26

C

Discussion — Optimization of the Edwards Cycle

The results obtained in the previous section will now be discussed and
compared with the results obtained by the use of the polytropic process
analysis (Ref. 1]. A convenient yardstick for determining the validity of
any process or cycle is the second law of thermodynamics. The COP obtained
by the polytropic index model for cooling under the identical system and
environmental conditions was 8.19—not including the secondary component
injection work which would slightly reduce this value; whereas, the COP
obtained using actual therucphysical property data with isentropic compressor
and expander constraints and including ideal injection work was found to be
8.22. The second law was clearly not violated in the analysis presented
herein , thus it is this COP value which is the true ideal performance. There-
fore, a good cross—check would be to determine whether the compression and
expansion polytropic process paths for the multi-component refrigerant were
non—isentropic——that is , were the quantities (s

2
-s1, ) and (S4~53,

) greater

than zero. Indeed , as would need be true , the process via polytropic path
method generally indicated small increases in entropy which resulted in con-
clusions that usually tended to be slightly pessimistic.

The coefficient of performance for a system comprising work recovery is
a quantity that magnifies small differences in the work terms because the net
work input, which is generally a small term, is the result of the difference
of two substantially larger terms. In other words, the COP is sensitive to
the variations in the work terms . Thus , it is imperative to use tabulated
data over ideal process paths to determine the ideal performance of this cycle
for comparison with the ideal performance of other well-known thermodynamic
cycles.

_ _ _ _ _ __ _
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It should be noted that no attempts have been made to optimize the
pressure ratio and the amount of system pressurization for the given external
constraints in order to effect an optimum COP. In this connection, a brief
parametric study was performed to assess the effect of system pressure ratio
on the per formance of the Edwards cycle. Table 1 below indicates the analytical
results obtained from this study when the identical system conditions were
applied. It can be seen from this table that by reducing the system pressure
ratio form 3:1 to 2.25:1, an increase in performance of over 18% occurs . While
associated with lower pressure ratios is a lower cooling capacity on a per
pound of dry air basis , the reductign was only on the order of 30%. Additional
benefits accrue from a lower pressure ratio system. Smaller amounts of in-
jected water are necessary to achieve isentropic work processes; therefore,
the injection work substantially reduces — although this is quite small.
If still smaller quantities of injected secondary component are desired, by
dropping the minimum evaporating temperature below the freezing point of the
secondary component, substantial reduction (over an order of magnitude) in the
amount of required injected component results.

Table 1 -- Pressure Ratio versus Performance of Edwards Cycle

Air Conditioning Mode -- Maximum Condensing Temperature ,
150°F-Minimum Evaporation Temperature, 40°F

Pressure Cooling Energy
Ratio Coefficient of Performance Efficiency

Ratio

EER (But/hr )2/p LOP E1 E c watt
C

3:1 
- 

8.22 28.0

2.75:1 8.71 29.7

2.5:1
_____________ 

9.20 31.4

2.25:1 
9.67 33.0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “ -- 
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Although the combination of two very common, inexpensive and nontoxic
fluids — air and water - results in a remarkably good refrigerant , there
is nothing sacred about using this combination to achieve the benefits of
the Edwards cycle. It may well be that other combinations of a gas and a
phase—changing component would produce even higher levels of performance.

The invention of a new and surprisingly efficient thermodynamic cycle
so late in the history of thermodynamics is bound to leave a few skeptics.
However, several different methods of analysis have all reached the same
conclusion: the Edwards cycle is a new and remarkably efficient cycle. The
ramifications of such an invention are obviously manifold; not the least of
which is the fact that no matter how much effort is put into the perfection
of the present fluorocarbon reverse Rankine system, the new cycle will always
pose potentially better performance.

To date so little is really known about the effect of all the many
different variables. For instance: What is the effect of the injection
temperature of the secondary component on the cycle performance? Is dis-
charging from the compressor at saturated conditions more efficient than leaving
only partly saturated? What effect does increasing the system pressure have on
performance? What other refrigerants could be used to enhance performance?
These questions and others open a new field of investigation that should
ultimately manifest the Edwards cycle as a highly energy efficient heat transfer
system.
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A POLYT R OP I C PROCESS AND BOUNDARY STATE ANALYSIS OF A NEW AIR CONDITIONING CYCLE

Thomas C. Edwards

The ROVAC Corporat ion
100 Rovac Parkway

Rockledge , Florida 32955

Abstract

Tb&~~paper discusses the thermodynamics and two T 
O~ Temperature

•sth~~s.,of analysis of a new air conditioning ,
refrigeration and b.a t pump cycle tha t u.bodi.. U Stu Total internal energy
two hea t transfer proce sses coupled with both a
compr ession and an expansion process. The work— ft 3
lug medium of the new cycle is multi—component in v 

~~~

— Specific volume
natu rC and , in general , consists of a superheated S
gaseous carrier component , such as air , in partner—

a phase—changing componen t , such as 
~~ air Specific compression work

It is shown that this new cycle yields ideal co— Stu
efficient. of perfor mance (COP ) greater than the w e l b d  air Specific expansion work
reverse Bra yton and reverse Ran kine cycle.. For S
sz9ple, with a maximum condensing temperature of

F and a minimum evaporation t a.p.rature of W Stu Total work
40 F , operat ing across a sink ~wp.ratur e of 95°F
sad a source temperature of 80 F , the ideal cool— lb5(grai~:s)14 2O
lug COP of the new cycle i. 8.20-compared with an 

~
‘ lb dr air Specific hum idity ratio

ideal R—12 vapor compression cycle COP of 4.26. 5

lb Ii O
NGIENCIATTJR E lb dry air Spec ific phase—chang ing

mass of b

Symbols
Subscripts

• Specific energy l,l ’,2,3,3’ ,4 State points

B Btu General energy a Dry air (primary component)

Btu b Secondsr ~’ component
h j~

— Specific enthalpy
a C Coapr eseion

K lb5 Mass e Expansion

n — Polytr opic i~ô~~ 
f Saturated liquid

p psie(atm) Partial pressure t Ice

p psia Total pressure i ,j Location points

Stu L Liquid water
q lb5dry air Specific hea t addition Solid

Q Btu Total heat addition Sat Saturated

~ ~~~~ ~~ ~~~~ 
— . Mat. r vapor
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BACKGROUND AND IN TRODUC TION be -iepei an~ ur s~ U~ thermodynamic propert ies of
the t uc - - r ~ -nen ts as wel l  as the  s t a t e  point

While at the School of Mechanical Engineer ing  at va l ues oroun d the  cyc le .
Purdue Univers ity (Lafayette , Indiana , 1967—70) ,
the au thor investigated a unitary rotary posit ive In order to take full advantage of the character—
dis pLi~ einent device capable of effecting a re— istics of t i t i~ c~’cle , it is impor tan c to control
ver se Brayton cycle when employed with simple air— the rat io of mat-s of the secondary componen t with

to—air heat exchangers. This simple machine , in respect to the primary carri er component at

performtn g six individual flow processes , pro— vario us locat ion s in t i- c systez . A schematic

duced cool air and illustrated an alternative means for achiev ing this is depicted in Figure 1
hardware form of the air  cycle system . The appli— and is labeled “Ei~r chinen t Loop ” . This loop re—

cation of such hardware in partnership with subse— present s the enrichment flow c-f the secøndarv

q uent extensive theoretical and exper imen tal anal— component in li quid form to two importan t inca—
yaes is confirming the existenceof a new efficient tions in the 5 -sten . The injection of liquid

thermod ynamic hea t tranafer cycle. Due to the 
~~

.— component h (continually collecting in the heat
sible significance of the new cycle , this paper exchangers) into compon ent a at (1), yielding

will concentrate primarily on qualitative and quan.. state point ( 1’) ,  wii tend to decrease the work

titative aspects of its ideal thermodynamics . of compression required to reach a given pressure
ratio due to the sensible and lateut absorption

THE NEW CYCLE: AIR CONDITIONING CONFIGURATION of compression heat. Likewise , addi t ional
secondary liquid injected downstream of State

Figure 1 presents the general configuration of the point (3), yielding State point (3’) will increase
new air conditioning cycle. As can be Been , the the energy of expansion due to the release of
aye tfim consists , in addi tion to the working fluid , sensible and latent energy to the gaseous carrier
of three basic components: The primary condensing component. Naturally, the continuously re-
heat exchanger , lix (hot side), the compressor! circulating secondary component also greatly in—
expander devi ce , aAd the secondary evaporating fluences the heat rejection and absorption rates
hea t exchanger , HX (cold side). During operation , and heat exchanger temperature profiles . (Of
working fluid flow~ from lix at state poin t (1) , course, a parasi t ic liquid pumping requiremen t
is compres sed by C/E to sta’e point (2), where exists in order to elevate the secondary flow
thermal energy is rejected through EL. The flow pressure from l’~ to P

3
.)

emerges from HX at state point (3) a~Id expands
through C/B to ~tate  point (4). Finally, the From this system description it is interesting to
working fl uid passes through HX

2 
where it receives note that both the reverse Brayton cycle and the

thermal energy until it emerges again at state reverse Rankine cycle are subcases of the new
poin t (1) . cycle. For example , by reducing the mass ratio

of secondary component to primary component to
zero (ie: M

b
/M

a
•O)

~ 
the new cycle becomes the

reverse Bray ton cycle. By reducing 14 to zero and

PRIJIARY specifying the expansion process to b~ isen—

LOOP 0 
thalpic , the reverse Rank fne cycle emerges.

The n e-  cycle can be conceptualized a: a syner—
NOT 

~~ CO RE~~ 0
SOLD gistic union between the air cycle and the vapor—

compression cycle. This is because the new cycle
lix is structured in such a way as to simultane—

ously employ the energy recovery advantage of
the reverse rirayton cycle and the isotherma l heat
t r ans fe r  processes of the vapor—compression cycle.
By its nature, the new cycle recovers energy from

~~ — ENRICHMENT
a condensable or heat—storing component throughLOOP
the expansion process simply by suspending it in
a gaseous carrier componen t that can provide

f igure 1: The General Air Conditioning significan t volume change . As well , the isother—

Configura tion of the New Cycle mal heat transfer characteristics of the reverse
Rankine cycle can be closely approximated by the

In ~ensral , the multi— component/mixed—phase proper ties of the working fluid mixture due to

refrigerant used in this cycle consists of ~ 
the large latent contributions of the secondary

permanently gaseous carrier constituent , termed component. Further , it is interest ing to no te that

the primary component , a , and a state and phase— that some of the energy absorbed at the hea t

changing constituen t termed the secondary coapo — source is “recycled” through the expander process ,

nen t , b. This mixed refr igerant continuously dir—
cula tes  through the system. During operation , the THE NEW CYCLE: ANALYTICAL METHODS

secondary component in the liquid phase will col— Two basic analy tical approaches to ascertainin glect in both heat exchangers. Therefore, gener— the ideal performance of the new cycle have beenally speaking, only the vapor phase of the second — developed. In order to generate predictions re—ary component will automatically accompany the garding ideal theoretical performance , variouspr imary component . The amoun t of this type of
secondary component circulation will , of couvs. , e~ti~ )pic state—point data are required . Re-

ferring to Figure 1, it cen be readily seen that

179067 12th IECEC 
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the cooling coef f i c i en t  of pe r fo rmance  ~an be p 14cc , f u r t h e r  condensation will also take place ,
geaeral)y wr i t t en  in terms of enthaipy ~~ 

f u r t h e r  percurbthg the mix tu re  temperature and
pressure state points.

h
1

— h
4(COP E

)
c 

— 
(h 2 —h

1 
‘ ) — ( h

3
’ —h 4 )

Specified environmental conditions as well as
certain arbitrary system conditions and parameters
provide portions of this enthalpy data .  For ex-
ample, if the maxinim condensing temperature ,
mimimom evaporation temperatur e and pressure are
specified along with the source and sink tempera-
tures , the initial enthalpy prio r to , say, cow—
pression can be det ermined if the refri gerant com-
position and properties are known. However, in
order to find the enthalpy state after compression,
th. energy of compression must be found . An / closedapproach to finding this is to assume a general
work pa th function such as the polytropic process sys tem
and determine the polytropic index of the process.
The polytropic index can be found through the
simoltan.ous application of the first law of
thermodynamics and the mathematical definition of Figure 2: Molti—Coaponent/Mixed—Phase
the polytropic process. This is termed the “Poly— Clo sed System Expansion
tropic Process Model” which provides insight into
the details of the processes of the cycle. An imaediately obvious consequence of this molti—

component process is an increase in work of cx—
The second analytical approach, termed the partaion as seen by IPdV. It is also apparent from
‘~Boundary—State Model ” is independent of any pro— the first law of thermodynamics that the final ex-
cess path hy pothecation; it employs only tabula— panded energy state is relatively smaller due to
ted state—point data and isentropic compression the increase in the work Integral . These two
and expansion processes. While details of the factors play a major role in the ultimate cycle
cnmpression and expansion processes are ignored efficiency.
(except, of course, the specification of con-
stant entropy), the advantage of the boundary— Compression. Next, turn to the companion comrn.
state method is that it is fundamentally exact pression process as depicted in Figure 3.
and presents a direct analog to cycle analysis
procedures established for fluorocarbon systems.

TEE POLYTROPIC PROCESS ANALYSIS METHOD (
~
) (~~~ )

Expansion and Compression of a Multi—Comp onen t!
Mixed—Phase Closed System. Attention will next be
directed to the two processes of the present
cycle that embody the most interesting thermo-
dynamic aspects. This will involve the examina-
tion of the properties of a working fluid which
consists of two individually identifiable com-
ponents: One of which remains in the vap or phase
while the other changes phases during a given pro-
cess.

closedExpansion. Referring to Figure 2 , consider a
closed system at equilibrium at an elevated prea— system
sure wherein the component that will change phase
(secondary component) exists in a saturated vapor
condition with the partner non—phase—changing
componen t (prima ry component) . Figure 3: Compression of a Multi—

Component/Mixed—Phase Fluid
Next, allow the system to expand adiabatically. As
expansion begins (depending upon the thermodynamic The closed system at its initial state point con—
properties of the working fluid constituents and sists, as before, of a gaseous carrier component
t he actual process path) , some of the secondary and a second component which will pa rticip ate in a
component will condense due to the temperature de— phase—c ha nging proc ess. However , in this instance ,
crease . The energy associated with this condensa— the second componen t will consist of a fine die—
tion will be transferred to the pr imary (gaseous) persion of liquid particles existing in saturated
component thus increasing both its pressure and its equil ibrium and evenly distributed throughout the
t emperature over the values which would have been partne r gaseous carrier component .
reached if the condensing secondary component had
not been present . As further expansion takes
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As compression begins, the temperature of th e Re f r r in g  F~ gure 1 again (which depicts the
mixture will begin to rise and the liquid drop lets expans i~ n pro cess) and emp loying energy conserva—
wil l begin to absorb enet~~y from the surrounding tiun f-or an adiabatic process, it can be written

F 

gaseous component. As compression pr oc c€~ds , an4 that :
depending upo n the quantie> prese nt , some of th~ ae I 4 w . . .(3)

3 1, j L~droplets will vaporize, thus absoibing a consider-
able amoun t of energy in addition to any sensib le
energy absorbed . The eff ect of energy absorption In this expression , E denotes the total energy of
is, of course, to depress both the temperature the refrigerant fluid and l~’ represents the pro—
and the pressure of the mixture. Thus , th e in— cess wor k term . Further , the sum of these
tegratsd compression work term required to reach energies can be written as:
a given pressure is clearly less in the mul t i—
component case wherein a portion of the compree— a~ 3

+ 3 — 
~~a~ 4 + (E

b
)4
+ 3w4 ...(4)

sion energy is absorbed by the secondary corn—
ponent. This fact is also of importance insofar Here subsc ript ~ refers to the ca rrier component
as cycle efficiency is concerned , and subscript b refers to the secondary phase—

changing component. U represents internal energy .
In order for the processe s just described in— Eqn. (4) can be arranged as:
volving sensIble state changes of the secondary
component to actually take place , it is obvious W — (0) )

3
_ (U

a)4) + ~
(E.o) 3

_ (E
b ) 4 J . . . (5)

3 4  a
that the properties of the dispersion of this corn—
ponent be such as to permit heat transfer rates where [(E. )~ — (E

b
)
4
( can be considered to be a

high enough to match actuel quasi—static process heat add~.t on term , ~ insofar as the carrier
rates tha t would occur in a rea l machine, For cx— component is concerned .C While this term has been
ample , the.~~ompressioa process in a typical ROVAC discussed in connection with a condensation pro—
Circulator takes place within approximately 5 cess , it is apparent that it can , in general ,
milliseconds . During that  time, heat transfer consist of sensible components also , as well as
rates on the order of 20 Btu per pound of dry air othe rs. That is:
would be transferred to or from the secondary en— I
ric)saent component. Presuming this secondary 

~e 
- 

~~3~
(E b 4 l = Ib ) (latent energy change)

latentcomponent to be water, and further specifying that
the maximum temperature difference between the (sensible energy change)
carrier component and the water to be , say O.5F°, + 

~~V liquid
It can easily be shown that the diameter of the

(sensible energy change)dispersed particles can be as large as 0.001 inch. + (M.~
) vaporThis value is easily achieved by usual liquid

spray methods (Ref. 1, Ref. 2) . + other energy additions that may be present
(chemical, nuclear , magnetic , etc.)

~~P~!SS ANALYSES

where the M ’s represent masses of the variousIn order to make a quantitative assessment of the components undergoing state change.numerica l differences betweeo the multi—component
processes and the single component one , the pro— Depending,  of course, upon the state condition ,cess paths must be adequately postulated . To be— the properties and amounts of components, thegin, the generalized nature of the process must constituent terms can have various contributionsfirst be hypothesized. One simple process path to the total term. If, as previously postulated,that has proven historically to be accurate (and only enough of component b exists to just providetherefore chosen here) is the exponential or poly— saturation (no excess liquid) prior to expansion,tropic process wherein the variables are related the “beat addit ion ” term redu cea to:fo r a constant process index (a) as:

p n 
— cOn5~~flt . ..~~~~~ ~

4b~~eb ) 3
_ (e

b) 4 l AM.~, ~~
or whe re AM. is the amoun t of compon en t b tha t has

— —n . . (2)  condenses and ~ can be treated as (h.)  (meg—
d(l nv) lecting the gen~ral1y small sensible ~f~~ct of

the vapor) .
where P is the absolute pressure, v is the
specific volume and a is the polytropic index of Proceeding with the saturation condition assump—
the system fluid . tion (no liquid present), and assuming that com-

ponent a with the a t tendant  vapor portion of
In choosing the polytropic equation form, the pro— component b can be suitably approximated as an
blem, of course, becomes the quantitative deter— ideal gas, one can write
mination of the value of the polytropic index , a.
There are various approaches possible, but the one w — ~ b Cv a b ~~ Ta b 3

_ T
a b 4 1chosen here is to employ the f i r s t  law of ther— ~ a

modyrtamics in concert with the mathematical de— + AM
b ~~Vig~finition of the polytropic index.

wh ere the ab subscript indicates the mixture pro—
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perty of the carrier a and the vapor portion of variables are available, their values can b.
- - the secondary compone t b. On a specific maca computed. However , since one equation is of a

basis (baled upon component & Eqn. (6) yields: transcendental form , it is a simple matter to
find the polytropic index of expansion in an

3w4 (Cv) ab t ( T~~
)

3~~ (Tab ) 4 l +4•e (hb
) fg ...U) 

i te r ative manner . In other cases , however ,
the f i nal temp erature will also be known (or

where A~ represents the condensed mass of compoa 
postulated ) so tha t Eq ns. (9) and (11) can be

eat b per un it mass of componen t app lied directl y.

Following through with the polytropic process de— 
Considering next the analytical relations for

finition along with the quasi—static work integral , 
th e polyt r opic index of compressi on , it is clear
that the inve rse process occurs so that the r e—

the work can be repre sented as: epect ive polytrop ic rela tionship can appear as
follows:

F R [IT ) (T
— ab a b 3  ab~4~3 4  n~~l . . . ( 8) Rab UTab ) 2

_ C T ab ) l~ , . . ( 3.2 )e n 1 +c (C
~

)
~~, ((Ta~

)
2 

— 

~~ah~l1 ~ £ c~~b) fg
where R is the mixture gas constan t consisting
of comp8kent a and the vapor portion of compon-
eat b , and n is the polytropic index of ~~~~- 

o~ , solving for the “heat absorption ” ter m ,

pension, i~
ei5 further indicated that the tern—

perature of both components are equal , thus R ((I ) —(Iab ab 2 abspecifying a quasi—static equilibrium condition . A$
c

(h
b
)1g ne~

l

Equating Eqna. (7) and (8) and solving for the
polytropic expansion index yields: — (Cv)ab UTsb)2

_ (T
sb)ll

R ( C T  ) —(T ))
- ~ + 

ab ab 3 ab 4 and

and

e (C ) ab Tab ) 3
_ ( T

ab ) 4 1 4
~
A e0 Vf g  

1(T~~~ 1l 
~~~ ~~:~~~~~211 . . ( l 3 )+ l n  -1R b Tab )

3 (Tab
)41 C

A
~e

(h
b
)fg = (n e~

l) 

(T~~ ) 2 I s~ ij  j
Again, t e pressure ratio will normally be known,

— (C ) ((T b) 3 Tab
) 4 ] . ..(9’) along with the initial pressure and temperature

v a b  a and sometimes the final temperature. Therefore
both equation s can be solved in order to obtain

Mother relation for this polytropic index can be the final compression t emperature of the mixture
derived from its mathematical definition : and the polytropic compression index ,

n5—l Before proceeding further, however, a word should
) - be sta ted regarding the actual calculation of

(T b )
3 ~ab~ 

.~~ 0) but is instea d calculated on the basis of Iqns.
(Tab)4 ~~ab~4~ 

e A~. When the final temperature is not specified

3 (9) and (11) or Eqns . (12) and (13), some itera-
tion must take place on final temperature states

Solving for n5 yields: in order to apply numerical thermodynamic pro-
perties of the secondary component. For example,
considering the expansion process, the quantity

______ ______ 
because the initial state points and the pro-

‘e

~~~ 

+ ~ 
Tab)4~ 1

~~ab~3
1 

of component b in the initial state can be found

o ° (T 5~,) 3 u n  l ( P
i. 

ab~4 1 •j 
‘~~0fl perties of the component are known. However, in

order to compute the final temperature of a given

(Where the prime is added in order to denote the 
process from, say, Eqns. (9) and (11), A~ must

difference in origin of the two representations be known . That is , the final quantity of eco._

of the index.) ponent k in the vapor phase muse be known so
that the difference between the initial vapor

Note that two Equations , (9) and (11). are avail— q~~mtit~t5 and final vapor quantities (A~ ) can
able which represent the polytropic index; one be computed , Therefore, in the actual apalica t ion
from the first law and one from the definition of these Eqns., A~ is aasumed based upon an as—
of the polytropic. Further, note that the indices aumed final temperature. Then, after the compu—

are presented in terms of initial and final te mp— tation is mad. , a check on the assumed values is

eratu r es and pressures , In general, the pressure made and corrected , if necessary. In practice,

ratio of the process , as well as the initia l especially if the secondary component proceed s to

pressure and temperature will be known . Thus the the solid phase , little error occura in only a

f inal temper ature , (I ) and a (or a ’ ) are the single calculational cycle because so little con—

only unknowns. Since~~w~ exprj.ioni iSr these ponsat exists in th. vapor phase.
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Armed with the se relations , meaningful con— - + .. ~(16)
parison. of compression and expansion work can
be made as amounts of component b are var ied
with respect to component a. This, of course, Equations (14), (15) and (16) can be solved by

the computation of all the enthalpy state points fluid injected at after which the properties
along with specified state po int data, enables i tera t ion to f ind a the amount of secondary

required to predict idea l cycle performance , of interest i .e . ,  h1 
and 

~‘2’ can be found .

Nsxt, the elements of the tabular boundary— Havi n g established all properties at state (2)
one can next proceed to determine the state atstate analysis method will be presented . (3) . This can be uniquely determined because

BCUNDAZY—STATE ANALYSIS ~~~~r the primary condensing process is isobaric , the
sink temperature is known, and state (3) is

Again, in order to evaluate the coefficien t of constrained to saturation (all liqu id falls ~~:t

perform.nce of the new cycle , various state point into HX1) .

enthalpies are required. Since the refrigerant
employed in th is cycle consists , as generally di.— With all the properties at state (3) determined ,
cussed here , of two independently identifi able one can proce ed to state point (3 ’) where again

fluids existing simultaneou sly at identical pr es— the entropy can be written as:

cures and temperatures at any given location , on ly
two properties (plus relative composition) are re— 5

3
’ — 5

3 + W
j

5
3 

— 5
4 

. . .(17)

quired to compute the total refrigerant property
at that point, If the binary refrigerant corn— where s is the specific entropy of liquid
bination chosen possesses well established thetmo- .econdat ~y component injected et T1 (or T3, if
dynamic data , determinat ion of the refrigerant chosen) .
stat e point s is relatively easy because the
•ixtur e properties can generally be determined by Because the pressur e ratio has already been set ,
the sum of the total properties of the con- by prescribing the minimu m evaporation tempers—
stitu eri ts. tore and not ing that the evaporation process is

isoba r ic , the quantity of secondary component
If the evaporative heat exchanger environmen t is injected at can be found directly. The r e—
specified (which will normally be the case) , and maining enthalpi es necessary for the deter mina—
the low side pressure is set , and further , If the tion of (COP
amount of secondary component is known (saturation easily deter ~i~ed. 

h 3 ’ and h4 ’ can then be

conditions will prevail at state point (1) because
all of the condensed and liquid water will drain For the sake of exactness it is necessary to th
in the evaporative heat exchanger and eliminate d ude a very small cooling term to account for
liqu id carry—over) , the thermodynamic state of (1) the mass of water condensed in HI tha t is cooled
is fully prescribed. That is, F , P and 15 from th . sink temperature to sour ~e temp erature
(specific quantity of a with resj~ec~ to 

~~) 
L~e and a small parasitic pumping term that arises

known from which all other properties can be de— from the misting and injection of additional
tsrmined. secondary component.

If next , the mex imum condensing temperature and The following section su ar izes detailed cal—
pressure ratio of the cycle are prescribed , the cuistional results ar ising from the applica t ion
entire condition of state (2) can be determined of the two method s of analysis of the new cycle
because isentropic compression is also prescribed, outlined sbove. Polytropic process model
i.e.: analysis results are from Reference (3) and the

companion boundary State results are credited
— ‘1 . . .(14 ) to Reference (4).

The entropy prior to compression , •1’
~ 

is de— Results of Example Calculations :
terminad by the equation :

Idea l Perfor mance of the New Cycle
5i — ‘1 + 5i i  — 2 . . . ( 13)

This section presents the calculationa l results
where s is the specific entropy of the injected of applying the two foregoing methods of analysis
ssconda l’y fluid which will be in liquid form , to the air conditioning configuration of the new
Thus, the injection entropy is solely a function cycle operating under the following conditions:
of inj ection temp erature — which must be addi-
tionally specified , The injection temperature can Example Operating Conditions

be the temperature of the heat source , ‘I . Be-
cause of the Cyclic natur e of these proc~aaes , the Ambient : Toutsid e ~~°P
net change of entropy of mixing (at the injection
points) and “unmixing” (in the heat exchangers) Tjnsioe 

— 80°?
is, of course , zero .

Conserving the mass of seconda ry componen t across
the compressor yields:
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Example Operating Conditions tble II
(continued)

Pressure ~~ : Ve1 -bu a C(~P of New Cycle
Syste m: F 1 - 8O~r 

A i r  (~rndi i iontng Mode—Ma x imum Condensing
T.’tup.~ratu re , 150 F Mi n iuuiin EvaporativeT2 - 150°? Temperature of 4C”F

F 3 — 95°F
Pressure Cooling Energy

F4 — 40°F Ratio Coeffic tent” o f E f f i c i ency
Performance Ratio

— P 4 — 1 atm P2/P1 (COP~)~ (EER.E) (Btu/hr)

~~~va t t
Pressure Ratio — 3:1 

8 .22 28.0
Refrigerant: Primary Componen t — Air

Secondary Component — Water 2.75:1 8.71 29.7

The following Table I Sets forth a suemary con— 2.5:1 9.20 31.4
parison of the analytical results of operating
the new cycle at the above conditions. The 2.25:1 9.67 33.0
results of both methods of analysis are presented -

along with the results of a COP calculation for
an R—l2 reverse Ran k ine cycle operating across CLOSUREthe same ambient c8nditions with a condensing
temperatur8 of 150 F, and evaporatiog tempera— General Discussion and Conclusions. This paper
t -  ~e of 40 F , and superheating to 80 F and sub has disclosed and discussed the analysis of a newcooling to 950p rn and interesting thermodynamic cycle. The results

of analytical models and methods sutrcnarized hereTable I predict that the ideal performance of the new
Performance Comparison s cycle is greater than the well—known fluorocarbon

reverse Rankine cycle which is currently the
- “backbone ” of the present air condition ing, heat

Polytropic Boundary pump and refrigeration industry. Further , theProcess State two methods of analysis presented are basically

Cycle 
- 

(COPE)C — 8.19 (COPE)C — 8.22 
- independent and yet arrive at substantially the

same conclusion .(air /water)
The basic attributes of the new cycle may be in—Reverse GOPR — 4.26 eulcively app arent . As noted earlier , the newRankine Cycle cycle can be conceptualized as a synergistic union

[_
(R_12) 

______________ ________________ 
between the air cycle and the vapor—compression
cycle. This is because the new cycle is struc-
tured in such a way as to simultaneously employThe improvement in potential performance over the the energy recovery advantage of the air cycle andfluorocarbon system is notable. Further , the the isothermal heat transfer processes of theclose agree.ent~beti’een the two analytical methods vapor compression cycle. By its nature , the new

is apparent and reinforces the basic conclusion, cycle is able to recover energy from a condensa-
ble component that can provide significant volumeNo attemp ts were made in the present example to change effects in a gaseous carrier component. Asoptimize the pressure ratio for the given extern al well , the isotherma l heat transfer characteristicsconstraints in order to effect a maximum COP. In of th, reverse Rankine cycle can be closely ap—this connection, a brief parametric study W~~5 proximated by the properties of the working fluidperformed to assess the affect of system pressure mixture , thus adopting this very positive attri—ratio on the performance of the new cycle. Table bute of the vapor—compression system. Further ,II below indicates the analytical results obtained the effects of the secondary component on both thefrom this study when the identical system con— compress ion and expansion processes of the newditions were applied (Ref. 4).  cycle are favorable.

Prom the results øhown in Table II it can be seen 
~~ce one has accepted the fundamental superioritythat by reducing the system pressi re ratio from of the ideal properties of the new cycle , obviousP 3.0:1.0 to 2.25:1, an increase in theoretical per — and important questions arise regarding its actualformance of nearly 202 is achieved , 
practical implementation . For example , one of the
well—known practical attributes of the reverse
Rankin e cycle is that cycle efficiency is a
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function of the efficiency of only one volume— sod hydrodymamic lubrican t shear will increase
changing component: the compressor . This is only very slightly . Thus , the system can in—

- 
- not the case with the new cycle (and the reverse herentl y improve its perfo rmance through pres—

Brayton cycle) which is dependent upon the sur izat ion . It is further interesting to note
pyoduct of the efficiencies of both a compression that the positive benefits of pressurization are
devic, and an expansion device. Thus, actual not limited to mechanical friction; to the con—
cycle efficiency attainment is more sensitive to trary, they extend to dilution of adverse heat
machine efficiency in the case of the new transfer , porting losses (velocity—squared lose..
cycle than the vapor ce.pressiom system. (Con— vs. gas density losses) , and internal leakage.
sidering the vapor compression cycle, however,
it app ears reasonable to note that even some cx— In conclusion, the results of the analyses of the
pension efficiency is better than none at all.) new cycle indicate that this natural refrigerant

cycle offers a partia l solution to the growing
Regarding further the matter of compressor and world-wide energy short age as well a. a solut ion
expander efficiencies, it has been the author ’s to th. global pollution and toxic substance
experience with the ROVAC Circulator that the problems related to conventional fluorocarbon
mach ine exhibits a high volumetric efficiency . r .fr igersn te.
Tests made by the Environ mental Control Section
of the Air Force Plight Dynamics Laboratory at
Wr ight—Patterson Air Force Base (Ref. 5) have
confirmM volumetric flow efficiency levels very
nearly equal to unity. This is an important
factor that moat be consid er ed carefully when
compering tha reverse Rankine cycle to the new
cycle. This is because volumetr ic efficiency
I. itself a multiplier in det ermining overall
vap or compression system performance. That is ,
the overall reverse Ran k ine performance is the
product of the compressor efficiency and the
volumetric efficiency . While by no means does References
the unitary compres sor/expander device ameliorate
the basic need for good efficiency of both the
compression and expansion processes , the unitary 1 Takah ara , L W. ,  “Exper imental Study of
natur e of the Circulator does offer clear Heat Transfer from a Heated Circular
economies in efficiency because it is basically Cylinder in Two—Phase , Water—Air , Plow” ,
a single machine . Fur ther , it is well known that MS Thesis , Air Porce Institute of
the use of a regenerative heat exchanger (or Technology, May , 1966 .
r.cuperato r) in the reverse Braytorz cycle can be
used to mitigate the sensitivity of tha t cycle to 2 Albr echt , J .R . ,  “An Experimental Investi—
the irr eversibi lities inherent in real compres sor gatio n of the Heat Tr ansfer Near the
and expander devices. The same option , of course , Stagn ation Point in a Two—Phase Air—Water
is open to the new cycle. Spray Plow”, MS Thusia, Air Force Institute

of Technology, March , 1967.
Continuing with the topic of heat exchangers , it
is importan t to note that even minute quantities 3 Edwards , T .C., “A New Air Conditioning,
of moisture present in the loop air drastically Refr igeratio n and Heat Pump Cycle” ,
improve the internal heat transfer film coeff i A.SHRA! $l~~~~r Seminar, Halifax , Nova
cient of air—to—air heat exchangers (Ref . 1, Scotia, Ju ne 29 , 1977.
Ref . 2) .  In this connection , it has been interest-
ing to learn in actual tests that unmodified 4 gcker , A.L. ,  at al , “A tabular Data
fluorocarbon fin—and—plate evaporator cores used Bound ar y—State Analysis of the Edwards
in auto mobile sir conditioning systems have pro— Cycle ” , ASHRAE St~~ er Seminar , Halifax ,
vided cross—flow heat exchanger effectiveness Nova Scotia, June 29 , 1977.
values in the ninety percent bracket with less
than 1 psi pressure loss. (Of course , a cross— 

~ s.olinski, LI., Midolo , L .L . ,  “Perfor manc e
counter flow core configuration would be better.) of a New Positive Displacement Air Cycle

Machine”, AIAA Meeting , Sept~~~ er , 1976 ,
It is worthwhile to note that in the closed Dallas , Texas.
system configuration , pressurization of the
closed system affectively “dilutes ” the machine ’s
frictional locus over the resulting increase in
produced cooling. That is, if a system is opera-
ting at a given set of conditions and the evapora-
tiv e heat exchanger reference pressure is, say
doubled from one atmosphere to two atmo spheres ,
the cooling capabity is essentially doubled . How-
ever , the “over—heed” friction of the machine
which consists principally of bearing friction
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