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[571 ~ ABSTRACT 
A regenerative adsorbent heat pump process and sys- 
tem for cooling and heating a space. A sorbent is con- 

[51] ht. 
[52] 

.............................................. F17C 11/00 
U.S. a. ....................................... 62/480; 62/46.2; 

fmed in a plurality of compressors of which at least four 
are first stage and at least four are second stage. The 

165/104-12 
[58] Field Of Smch ....................... 62/46.1, 46.2, 467, 

62/4809 477, 481; 165/104-12 

first stage operates over a first pressure region and the 

higher than the first. Sorbate from the first stage enters 
the second stage. The sorbate loop includes a con- 
denser, expansion valve, evaporator and the compres- 
sors. A single sorbate loop can be employed for single- 

second stage Over a second pressure region which is 
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from 4.46 MPa to 0.15 MPa to achieve cooling below 
130K. (-143” C.). The sorbent is heated from 240K. 
(-33” C.) to 600K. (327” C.) to desorb the methane. 

A two staged adsorption system is disclosed in an 
5 article entitled “Improving Adsorption Cryocoolers By 

Multi-stage Compression And Reducing Void VOl- 
ume”, CrYogedcs, 1986 VOl. 26, page 456, by s. Bard. 
Refrigerant is passed between carbon adsorbent stages. 
However, a circuit for the heat transfer fluid for regen- 

10 erating heat was not shown. It is understood that the 
heat was simply exhausted and not regenerated. 

1. Technical Field US. Pat. No. 5,025,635 discloses staged adsorbers 
This invention is directed towards regenerative heat each containing different adsorbents, i.e. MgBr2, CoBr2, 

pump system and method using a working fluid or re- CoC12, CaBrz and SrBr2 in a single housing. 
frigerant and an adsorbent material. U.S. Pat. No. 5,079,928 mentions that some reactors 

2. Discussion of the Invention in a staged system can be combined into a single reactor. 
Heat pumps using solid adsorbent beds are well Regenerative heat transfer fluid circuits for a single 

k m ~ n  as &own by U.S. pat. Nos. 4,610,148,4,637,218 stage system are disclosed in U.S. Pat. No. 5,046,319. 
4,694,659, 5,025,635,5,046,319 and 5,079,928. In general Other references of interest are U.S. Pat. Nos. 
since dsorbents take UP the Working fluid when cooled 2o 4,732,008, 4,827,728 and 4,848,994, and an article enti- 
and desorb the working fluid when heated, adsorbent tled “Sorption Cooler Technology Development At 
heat pumps are said to be heat driven. Often in adsor- JPL, Cryogenics, 1998, Vol. 30, page 239, by J. A. 
bent heat pumps two beds of sorbents are used, one to J ~ ~ ~ ~ .  
adsorb the working fluid while the other bed is desorb- 
ing the working fluid. Alternate heating and cooling of 25 SUMMARY OF THE INVENTION 

STAGED REGENERATIW SORPTION HEAT 
PUMP 

ORIGIN OF INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA Contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 UsC 
202) in which the Contractor has elected to retain title. 

BACKGROUND OF THE INVENTION 

l5 

the beds iS the COllVeIltiOIld procedure. When used Accordingly, there is provided by the of air conditioning, heat from an interior may be 
to evaporate the working fluid in an evaporator this invention a regenerative sorbent heat pump process 

for cooling and heating an interior space. The process with heat rejection to the environment at ambient tem- 
peratures. 

Of such systems the efficiency Of the apparatus 
is measured by its coefficient of performance or “COP”. 
By the term “COP” as used herein is meant the ratio of 
heating or cooling work performed divided by the 

comprises providing a working fluid and a sorbent 
30 therefor, and confining the sorbent in a plurality of 

compressor zones. At least four of the compressor zones 
are included in a first stage which operates over a first 
pressure region, and at least four are included in a sec- 

In 

amount of power required to do the work. Since cool- 35 Ond stage which operates Over a second pressure 
ing COPs, or COPcs, are generally lower than heating which is different and bher than the first Pressure 
COPS, or COPHS, many systems are rated on their region. 
cooling COPS. Working fluid vapor from an evaporation zone is 

U.S. pat. N ~ .  4,637,218 mentions cooling cops be- introduced into at least one of the first stage compressor 
tween 1 and 2 and heating copS between 2 and 3. 40 zones and the vapor is sorbed by the sorbent therein at 
U.S. Pat. No. 4,637,218 a hot coolant is pumped from a a Predete-ed first Pressure PL. The Process further 
hot 204.4“ C. sorbent compressor to a cooler 37.8” C. comprises desorbing the working fluid vapor from the 
sorbent compressor, while at the same time cold coolant sorbent in at least one of the second stage compressor 
is pumped from the cooler sorbent compressor to the zones and removing Working fluid vapor therefrom at a 
hotter sorbent compressor. Both compressors exchange 45 Predetermined second Pressure PH which is higher than 
heat yielding a typical heat regeneration efficiency of PL, desorbing the working fluid vapor frOm the sorbent 
about 80%. The remainder of the heat is supplied by a in at least one of the first stage compressor zones at a 
boiler at about 204” C. predetermined third pressure PM which is higher than 

U.S. Pat. No. 4,610,148 reports a theoretical heating PL but h v e r  than PH, and introducing the desorbed 
cop of about 3 and a cooling cop of about 2, and, a 50 working fluid vapor therefrom into at least one of the 
calculated operating COPH of about 2.6 and a calcu- ~ ~ o n d  sWe compressor zones and Sorbing the de- 
lated operating COPc of about 1.6. sorbed vapor by the sorbent therein at a pressure of 

FIG. 3 of U.S. Pat. No. 4,694,859, which is concerned about PM. 
with a dual sorbent bed heat pump, shows heating and the thermal 
cooling c o p s  as a function of a dimensionless thermal 55 capacitance differences between the first stage compres- 
wavelength parameter. sion zones, and minimizing the thermal capacitance 

Cryogenic cooler systems for sorption refrigerators differences between the second stage compression 
using a sorption compressor, a heating/cooling loop zones. In one embodiment this is achieved by making 
and a Jode-Thomson expansion valve, or “J-T” valve, the first stage compression zones identical in d l  aspects, 
with methane as a refrigerant gas and charcoal as the 60 and making the second stage compression zones identi- 
adsorbent, are disclosed in articles entitled “High Effi- cal in all aspects. 
ciency Sorption Refrigerator Design”, and, “Design Working fluid vapor removed from the second stage 
and Component Test Performance of an Efficient 4 W, compressor zone at a pressure of about PHis condensed 
130K Sorption Refrigerator” in Advances In Cryogenic in a condensation zone and the latent heat is transferred 
Engineering, Vol. 35, Plenum Press, New York, 1990. 65 from the working fluid to the environment when cool- 
Desorption occurs at 4.46 MPa (646 psia), i.e. PH, and ing an interior space, or to the interior space when 
adsorption at 0.15 MPa (22 psia), i.e. PL, or a pressure heating the interior space, thereby forming a working 
ratio of about 30, i.e. pH/PL=30. Methane is expanded fluid liquid. The liquid is expanded through a Joule- 

The Process also comprises 
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Thomson means, evaporated in the evaporation zone at chemical aspects of all second stage compression zones 
a pressure of about PL to form working fluid vapor by identical. 
transferring heat from the interior space when cooling A further embodiment comprises cooling the coolest 
the interior space, or from the environment when heat- compressor in the first stage to a predetermined first 
ing the interior space, to the evaporation zone thereby 5 stage bottoming temperature. This can be achieved by 
cooling or heating the interior space. Thus, the above circulating the heat transfer fluid in a closed loop which 
described operations are conducted in a closed working comprises the heat removal zone and the Coolest first 
fluid loop. stage compressor zone but not the other first stage com- 

A heat transfer fluid is circulated in another closed Pressor Zones. 
loop which includes a heat removal zone and the first 10 Yet another embodiment comprises Cooling the COO- 

stage and second stage compressor zones. The heat lest compressor in the second stage to a predetermined 
transfer fluid is prevented from directly contacting the ~ ~ n d  stage bottoming temperature. This can be 
sorbent. The process further comprises transferring low achieved by circulating the heat transfer fluid in a 
temperature heat from the heat transfer fluid in the heat loop which comprises the heat removal zone and 
removal zone to the environment, ad&g high tempera- 15 the coolest second stage compressor zone but not the 
ture heat from a heat source over a predetermined per- Other second stage 
iod of time to the first stage compressor which is In one embodiment the first stage is cooled to its 
desorbing the working fluid vapor at pM, adding high bottoming temperature and the second stage is cooled 

mined period of time to the second stage compressor 20 ple, in one embodiment the second closed loop com- 
zone which is desorbing the working fluid vapor at pH, prises the heat removal zone, the coolest first stage 

compressor zone and the coolest second stage compres- and transferring heat from the sorbent in the compres- sor zone but none of the other first stage or second stage 
compressor zones. In another embodiment the heat sor zones which are sorbing working fluid vapor to the 

heat transfer fluid and from the heat transfer fluid to the 25 transfer fluid is circulated from the heat 
'Orbent in the 'Ones which are desorbing to the coolest first stage compressor zone, from the 

coolest first stage compression zone to the coolest sec- working fluid vapor thereby regenerating heat. 

'Ones. 

temperature heat from a heat Source Over a predeter- to its boaoming temperature simdtaneously* For exam- 

The above Operational steps are repeated for circdat- 
and heat transfer fluids in ond stage compressor zone, and from the coolest second 

stage compression zone to the heat removal zone. In ing the 
each Of the Other first and second stage 
zones thereby completing a cycle. 

30 still another embodiment the heat transfer fluid is circu- 
lated from the heat removal zone to a parallel circuit of 
the coolest first stage compressor zone and the coolest 

circuit to the heat removal zone. yet another embodi- 

equal to the first stage bottoming temperature. 
In another embodiment the number of second stage 

compression zones is equal to the number of first stage 
compression zones. 

In one embodiment the number of compressor zones 
is eight, and in another embodiment the number of com- 
pressor zones is twelve. However, any number of com- 
pressors can be used if desired as long as the number is 
at least eight. Although systems with less than eight 

[(the adsorptive Capacity ofthe sorbent for the Work- 45 compression zones can be used they are not as efficient 
ing fluid at PL and the b ~ s t  temperature in the and do not enable simultaneous sorption and desorption 
first stage compression zones) (the adSOrP- by at least one compression zone in each stage. 
tive capacity of the sorbent for the working fluid at In one embodiment the process further comprises 
PM and the highest temperature in the first stage maintaining the pH/PM ratio and the pM/PL ratio be- 
compression zones)] divided by [(the adsorptive 50 tween about 1.1 and about 5. In another embodiment 
Capacity of the sorbent for the Working fluid at PM the PH/PM ratio and the PM/PL ratio is between about 
and the lowest temperature in the second stage 1.5 and about 2, and in yet another embodiment the 
compression zones) minus (the adsorptive capacity PH/PMratio and the PM/PL ratio is about 1.7. 
of the sorbent for the working fluid at PH and the In one embodiment the working fluid is ammonia, the 
highest temperature in the second stage compres- 55 sorbent is carbon, PL is from about 20 to about 100 psia, 
sion zones)], PM is from about 75 to about 175 psia, and PH is from 

and maintaining the PH/PM ratio approximately equal about 150 to about 300 psia, and in another embodiment 
to the PM/PL ratio. PL is about 73 psia, PMis about 124 psia, PHis about 212 

In still another embodiment the ratio M f l i  is from psia. In a further embodiment the predetermined first 
about 0.3 to about 0.9. 60 stage and second stage bottoming temperatures are 

In one embodiment the minimizing of the thermal from about 70" to about 150" F., and in another embodi- 
capacitance differences of the compression zones com- ment these bottoming temperatures are about loo" F. 
prises equalizing the thermal capacitance of the first Besides ammonia/carbon as the sorbatehorbent 
stage compression zones to each other, and equalizing other reactants can be used. For example, in one em- 
the thermal capacitance of the second stage compres- 65 bodiment the sorbate or working fluid is selected from 
sion zones to each other. This can be accomplished by the group consisting of fluorine substituted ethanes, 
making the physical and chemical aspects of all first and, fluorine and chlorine substituted ethanes. In an- 
stage compression zones identical, and the physical and other embodiment the working fluid is selected from 

In another embodiment the process further 'OmPe- 

uid after its condensation and before its expansion and 

thereby forming a heated working fluid vapor for intro- 
ducing into the first stage compression zones. 

In One embodiment where the amount Of in 
the first stage compression zones is Mi, and the amount 
of sorbent in the second stage COmpreSSiOn zones is M2, 40 
the process further comprises maximizing the overall 
Process efficiency by adjusting or f-g the ratio 
M f l 1  to a Predetermined value which is aPProfi- 
mately equal to 

ing exchanging heat between 6.1 the working flmd k- second stage compressor zone, and from the parallel 

(E.) the working fluid vapor from the evaporation zone 35 ment the second stage bottoming temperature is about 
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the group consisting of 41, L2-tetrafluoroethane or below the desired refrigerator temperature, and the 
CF3CH2F referred to herein as “R134a”, 2-chloro- condensation zones or zones are operated at or some- 
1,1,1,2-tetrafluoroethane or CF3CHClF referred to what above ambient temperature. In further embodi- 
herein as “Rl24”, 1,1-dichloro-2,2,2-trifluoroeth~e Or ment heat is exchanged between (i.) the first portion of 
CHC12CF3 referred to herein as “R123”, ammonia, 5 the working fluid liquid before its expansion and (ii.) the 
propanes and water. working fluid vapor from the freezer evaporation zone 
In one embodiment the sorbent is selected from the thereby forming a heated freezer working fluid vapor; 

group consisting of activated carbons, zeolites, silica and heat is also exchanged between (i.l the second par- 
gels and alumina. A preferred activated carbon is made tion of the working fluid liquid before its expansion and 

lo (ii.) the working fluid vapor from the refrigerator evap- from coconut shells. 
In one embodiment the heat transfer fluid is selected oration zone thereby forming a heated refrigerator from the group consisting of mixtures of diphenyl and 

diphenyl oxide, ortho-dichlorobenzene, ethylene gly- working fluid vapor. In another embodiment the 

of some heat transfer fluids are the various D ~ ~ -  15 pression zones is Mi, the amount of sorbent in the sec- 
therm TM fluids. ond stage compression zones is M2, the process also 

There is also provided by the principles ofthis inven- comprises adjusting the ratio M2/M1 to a predetermined 
tion a regenerative sorbent heat pump process for cool- value which is approximately equal to 
ing a refrigeration space and a freezer space. The work- 
ing fluids and heat transfer fluid circuits described 20 
above can be used with the evaporation zone operating 
at somewhat below the desired freezer temperature and 
the condensation zone operating at somewhat above 
ambient temperature. In this embodiment the refrigera- 
tion zone is cooled by the freezer zone and O d Y  One 25 CB is the adsorptive capacity of the sorbent for the 
working fluid circuit is required. In still another em- working fluid at PL and the lowest temperature in 
bodiment the ratio of the amount sorbent in the second the first stage compression zones, 
stage to the amount Of CD is the adsorptive capacity of the sorbent for the 
pression zones, or M2/Mi ratio, is from about 0.3 to working fluid at PMand the highest temperature in 
about 0.9. 30 the first stage compression zones, 

process for cooling and heating an interior space by 
having two working fluid loops, one for cooling the 
refrigeration space, and one for cooling the freezer 

tion zone is introduced into at least one of the first stage 
compressor zones where the working fluid vapor is 
sorbed by the sorbent therein at a predetermined first 
pressure Pr,, and the working fluid vapor is desorbed 
from the sorbent in at least one of the second stage 40 
compressor zones and removed therefrom at a predeter- 
mined second pressure PH which is higher than Pr,. 
Working fluid vapor is desorbed from the sorbent in at 
least one of the first stage compressor zones at a prede- 
termined third pressure PM which is higher than PL but 45 
lower than PH, and introduced together with working 
fluid vapor from a refrigeration evaporation zone into at 
least one of the second stage compressor zones, and 
working fluid vapor is sorbed by the sorbent therein at 
a pressure of about PM. 

stage compressor zone at a pressure of about PHis con- 
densed in a condensation zone and heat is transferred 
from the fluid to the environment thereby 

comprises expanding a first portion of the working fluid 
liquid and evaporating it in the freezer evaporation zone In one embodiment the working fluid is ammonia, the at a pressure of about Pr, by transferring heat from a 
freezer space to the freezer evaporation zone thereby ‘Orbent is pL is from lo to 40 Pia$ 
cooling the freezer space, and expanding a second por- 60 pM is from about 40 to about 9o Pia* and pH is from 
tion the working fluid liquid and evaporating it in the about 150 to about 300 psia, and in another embodiment 
refrigeration evaporation zone at a pressure of about Pr,is about 30 psi% PMiS about 73 psi% and PHis about 
PMby transferring heat from a refrigeration space to the 212 Psis. In a further embodiment the Predetermined 
refrigeration evaporation zone thereby cooling the re- first Stage and Second stage bottoming temperatures are 
frigeration space. 65 from about 70” to about 150” F., and in another embodi- 

In this embodiment one evaporation zone is operated ment these bottoming temperatures are about 100” F. 
at or somewhat below the desired freezer temperature, Other sorbate/sorbent systems can also be used such as 
the other evaporation zone is operated at or somewhat those mentioned above. 

col, methoxypropanol, sficon 02s and water. Examples wherein the amount of sorbent in the first stage com- 

HY - HZ [-].[(%. Hw- Hx 1. ] 
In this equation 

in the first stage 

In another embodiment the process differs from the CFis the adsorptive capacity of the sorbent for the 
working fluid at PM and the lowest temperature in 
the second stage compression zones, 

working fluid at PHand the highest temperature in 
the second stage compression zones, 

Hxis the enthalpy of the second portion of the work- 
ing fluid liquid after its condensation and before its 
expansion, 

Hyis the enthalpy of the heated freezer working fluid 
vapor, 

Hwis the enthalpy of the heated refrigerator working 
fluid vapor, 

Hz is the enthalpy of the first portion of the working 
fluid liquid after its condensation and before its 
expansion, 

QR is a predetermined design heat load in the refriger- 
ator, and 

QFis a predetermined design heat lead in the freezer. 

. 
space. m e  working fluid vapor from a freezer evapora- 35 CH is the adsorptive capacity of the sorbent for the 

50 
The working fluid vapor removed from the second In still another embodiment the ratio M2/M1 is from 

about o.3 to about 3.0. 
The operation of the heat transfer fluid loop for the 

refrigerator/freezer process is the same as that de- 

rior space. 

forming a fluid liquid* The process further 55 scribed for the process for cooling and heating an inte- 
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Lines 38A, 38B, 38C and 38D from first stage com- 

pression zones 20A, 20B, 20C and 20D are also con- BRIEF DESCRIPT1oN OF THE 
FIG. 1 is a schematic diagram of a two stage com- nected to first stage outlet check valves 44A, 44B, 44C 

pression seriesheries regenerative heat pump process and 44D, respectively, which are connected to manifold 
for heating and cooling an interior space having four 5 46, which is connected to line 48, which is connected to 
first stage and four second stage compression zones manifold 50, which is connected to second stage inlet 
showing the working fluid circuit. check valves 52A, 52B, 52C and 52D, which are con- 

FIG. 2 is a schematic diagram showing the regenera- netted to lines HA, 54% 54c and 54D, respectively, 
tive heat transfer fluid circuit for the system of FIG. 1. which are in fluid CO~~unication with second stage 

FIG. 3 is a schematic diagram showing a bottoming 10 compression zones 22A7 22B, 22c and 22D, respec- 
phase for the system of FIGS. 1 and 2. tively. 

FIG. 4 is an illustration of the regenerative thermal 54c and 54D from the second stage 
wave experienced in each compressor of each stage for comPression zoneS are also connected to second stage 
a system having four compressors per stage. outlet check valves 56A, 56B, 56C and 56D7 respec- 

FIG. 5 is a schematic diagram c o m p ~ s o n  of a one 15 tively, which are connected to manifold 57, which is 
stage compression process and a two stage compression connected to line 58, which is connected to condenser 

60, which is connected to line 62. Line 62 is in heat process for ammonia-carbon system. 
transfer communication with line 30 in heat exchanger 

stage and four second stage compres- 20 connected to line 66, which is connected to evaporator 
28 thereby forming a closed working fluid loop. 

When the system is operated, both the first stage and 
second stage as the 
sorbent for the working fluid ammonia. 

First stage inlet check valves 36A7 36B, 36C and 36D 
will open at a pressure of about 73 psia or PL, first stage 
outlet check valves MA, 44B, 44C and 44D and second 

open at a pressure of about 124 psia or PM, and second 
stage 'Om- 30 stage outlet check valves 56A, 56B, 56C and 56D will 

open at a pressure of about 212 psis or pH. 

ring heat from one compression zones to another. For 
ease of illustration the working fluid circuit has been 

35 omitted from FIG. 2 and only the heat transfer fluid 

Cooled working fluid is conveyed by pump 70 
With regard to the figures, identical element numbers though line 72 to manifold 74 which is connected to 

are employed to designate identical or like parts in the inlet solenoid valves 76A,76B, 76C and 7 m ,  which are 
several figures. Referring first to FIG. 1, a schematic 40 connected to lines 78A, 78B, 78C and 78D, respec- 
diagram of a two stage compression regenerative heat tively, which are connected to the inlet of internal heat 
Pump process is shown for heating and an inte- transfer conduits 80A, 80B, 80C and 80D, respectively, 
rior space such as a room or building. For ease of aus- within chambers ~ O A ,  MB, ~c and MD, 
tration, Only the refrigerant or working fluid Circuit is conduits ~ O A ,  BOB, 8oc and SOD are in heat transfer 
shown in FIG. 1. The heat transfer fluid circuit for the 45 communication with first stage part of chambers MA, 
System shown in FIG. 1 is shown in FIG- 2- As Can be 4OB, 40C and 4OD, respectively, and sorbents therein, 
Seen the System has four first stage compression zones and therafter in h a t  transfer communication with 
20A, 20B, 2oc and 20D, and four second stage corn- second stage part of chambers MA, 4OB, 40C and 4OD, 
pression zones 22A, 22B, 22C and 22D. respectively, and sorbents therein. The outlet of con- 

A quantity of ammonia 24, as the Working fluid, con- 50 duits 80A, 80B7 80C and 80D are connected to outlet 
lines 82A, 82B, 82C and 82D, respectively, which are 
connected to outlet solenoid valves 84A7 84B, 84C and 
@D, respectively, which are connected to manifold 86. 
The outlet of manifold 86 is connected to radiator 88, 

connected to the inlet of pump 70 thereby 
forming a closed heat transfer fluid loop. 

Outlet lines 82A, 82B, 82C and 82D are also con- 
nected to stage-to-stage lines 9OA, 90B, 9OC and 90D, 
respectively, which are connected to check valves 92A, 

60 92B, 92C and 92D, respectively, which are connected 
to the next stage heat transfer inlet lines 78D, 78A, 78B 
and 78C, respectively, thereby enabling regenerative 
series heat transfer operation between chambers MA, 
4OB, 40C and 40D. 

Each stage of the compression zones in FIG. 2 is 
subjected to the following four phases, (1) heating to the 
highest temperature of the of the stage, (2) cooling 
down from the highest temperature, (3) cooling to the 

Lines HA, 

FIG. 6 is a schematic diagram of a two stage 
pression series/parallel regenerative heat pump process 30* Line 62 is connected to expansion valve which is 
having four 
sion zones showing the working fluid circuit. 

FIG. 7 is a schematic diagram the regenera- 
tive heat transfer fluid circuit for the system of FIG. 6. 

FIG. 8 is a schematic diagram of a two stage com- 
pression seriesheries regenerative heat pump process 
for cooling a refrigeration space and a freezer space 

sion zones showing the working fluid circuit. 

pression series/parallel regenerative heat pump process 

having four first stage and four second stage compres- 
sion zones showing the working fluid circuit. 

DESCRIPTION OF THE PREFERRED 

'Ones 

25 

having four first stage and four second stage 'Ompres- stage inlet check valves 52A, 52B, 52C and 52D will 

is a Of a 

for a refrigeration space and a freezer space Referring to FIG. 2, heat is regenerated by transfer- 

EMBODIMENTS circuit is shown. 

in evaporator 26 is evaporated at Pressure PL and 
the thusly Produced Vapor is conveyed though line 28 
which is in heat transfer communication with heat ex- 
changer 30 and connected to l i e  32, which is con- 
nected to manifold 34. Manifold 34 is connected to first 55 which 
stage inlet check valves 36A, 36B, 36C and 36D, which 
are connected to lines 38A, 38B, 38C and 38D, respec- 
tively, which are in fluid communication with first stage 
compression zones 20.4, 20B, 20C and 20D, respec- 
tively. 

First stage compression zones 20A, 20B, 20C and 
20D, and second stage compression zones 22A, 22B, 
22C and 22D, respectively, are housed in chambers 
4OA, 4OB, 40C and 4OD, respectively, and separated by 
partitions 42A, 42B, 42C and 42D, respectively. Each 65 
partition prevents direct fluid communication between 
the first stage and second stage compression zones in 
the chambers in which the partitions are contained. 
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lowest temperature, and (4) warming up from the low- 
est temperature. Each phase comprises a base or first 
part with external heating of a heat transfer fluid inlet 
line, i.e. line 78A, 78B, 78C or 78D, and an extended or 
second Part without external heating of 
fer fluid inlet l i e .  During these four phases the heat 
transfer fluid is first circulated in the base part of the 
phase continuously through all eight compression 
zones. External heating is provided by heating means 
93A, 93B, 93c and 93D, which in the embodiment of 10 
FIG. 2 is provided by a group of four natural gas burn- 
ers. The base part Of the phase shown in has 
solenoid valves 76A and 84B open while all of the other 
six solenoid valves are closed. In this base part of the 
phase chamber 4OA is cooling to a lower temperature, 15 

ture, chamber 4OC is heating up to the highest tempera- 
ture of the stage by external heating of inlet heat trans- 
fer fluid line 78C with heater 93C, and chamber 4OD is 
cooling down from the highest temperature. The heat 20 

of arrows 94. In the base part of this phase the heat 
transfer fluid flows from pump 70 through the open 
valves in the Order 76A' 92Ay 92D' 92c' 84B' Thus the first stage compressors are about 39% larger and then back to pump 70. 

At the end of the base part the phase is modified. 
External heater 93C is turned off and the heat transfer Referring to 59 the advantage Of a two stage 

the extended part of the phase as shown in FIG. 3 single Stage represented by the rectangle JBIH to the 

and all other solenoid valves are closed thereby circu- de ABCD and the second stage EFGH* For 
lathg the heat transfer fluid only through chamber the single stage system operating over the cycle JBIH 
and lowering its temperature to a predetermined bot- and having eight compression zones, the ammonia iS 
toming temperature. In the extended part of this phase, compressed from 73 to 212 psia. The cooling cop or 
the heat transfer fluid flows through the system in the 35 COPcfor this cycle has been calculated to be about 1.0. 
direction of arrows %. Therefore, in the extended part In the heating mode the heating cop Or COPHhas been 
of this phase the heat transfer fluid flows from pump 70 calculated to be about 2.0. 
through the open valves in the following order 76A, By changing the system to the that shown in FIG. 1 
84A, and then back to pump 70. with four first stage compression zones operating over 

In the base part of the next phase, which is not shown the cycle ABCD and four second stage compression 
in the figures, solenoid valves 76D and 84A are open zones operating over the cycle EFGH the amount of 
while all the other six solenoid valves are closed. In the high pressure ammonia gas produced is about 50% 
extended part of this phase only solenoid valves 76D higher than that of the one stage system, which results 
and 84D are open. in a calculated COPc of about 1.2 and a calculated 

The heating and cooling of the chambers is continued 45 COPH of about 2.2 which are significantly higher than 
in a series fashion through all the chambers and by that realized in the one stage eight compression zones 
opening only the identified solenoid valves and heating system. 
of the heat transfer fluid in one of lines 78A, 78B, 78C or FIG. Q is a schematic diagram showing the working 
78D, by an external burner in the following manner: fluid circuit of another embodiment of this invention for 

50 a two stage compression regenerative heat pump pro- 
cess also having four first stage and four second stage 

phase valves 'con" B~~~~ opened valves compression zones. In this embodiment the first stage 
and second stage compression zones are housed in sepa- 1 16A, 84B 93c 16A, 84A 

2 16D, 84A 93B 16D, 84D rate vessels spaced apart from each other. The working 
3 76C, 84D 93A le, 84C 55 fluid circuit, however, is the same as that for FIG. 1. AS 
4 16B. &u= 93D 16B, 84B in FIG. 1, the heat transfer fluid circuit is not shown. 

FIG. 7 is a schematic diagram showing the regenera- 
The thermal wave temperature profiles of the corn- tive heat transfer fluid circuit for the system of FIG. 6. 

pressors in FIGS. 2 and 3 reading bottom to top are The working fluid circuit of FIG. 6 is not shown in 
shown approximately in FIG. 4 left to right. Profiles A, 60 FIG. 7. FIG. 7 is similar to FIG. 2 except that in FIG. 
B, C, D, and E of FIG. 4 correspond to phases 4, 1,2, 7 the heat transfer fluid flows through a pair of first 
3, and 4, respectively. stage and second stage compression zones in parallel 

The first stage and second stage compression zone rather than in series as in FIG. 2. Specifically, in FIG. 7 
cycles are depicted in FIG. 5, wherein the first stage lines 78A, 78B, 78C and 78D are connected to inlet 
cycle is represented by the solid-line rectangle ABCD 65 manifolds lWA, lWB, lOOC and lWD, respectively, 
and the second stage cycle is represented by the solid- which are connected to internal heat transfer conduit 
line rectangle EFGH. Isotherm curves are shown for pairs 102A and lWA, 102B and lWB, 102C and lMC, 
loo", 2000, 300" and 400" F. The vertical difference and 102D and lWD, respectively, which are connected 

between points B and D, and F and H, represents the 
grams of ammonia desorbed per gram of carbon adsor- 
bent. Points B and F lay on the 100" F. isotherm, and 
points D and H lay on the 400" F. isotherm. For exam- 

heat trans- 5 ple, in one embodiment the ratio M2/M1 is adjusted to a 
predetermined value which is approximately equal to 
(cB-cD)/(cF-cH) where: 

M i  is the amount of carbon in the first stage compres- 

M~ is the mount of carbon in the second stage corn- 

Cgis the adsorptive capacity of carbon for ammonia 

cD is the adsorptive capacity of for ammonia 

sion zones, 

pression zones, 

at point B, 

at point D, 

3t point F, and 

at point H. 

chamber 40B is warming from the lowest tempera- CFis the adsorptive capacity of carbon for 

CHis the adsorptive capacity of carbon for ammonia 

transfer fluid flow through the system is in the direction In the example represented by FIG. 5 9  the ratio 

MZ/MI = t0.3688 - 0.02681 j [0.5202 - 0.04411 = 0.12 

25 than the second stage compressors. 

fluid is directed only to the coolest compression zone in 

wherein only solenoid valves 76A and MA are open 3o two stage system represented by the first stage 

compression system can be shown by comparing the 

Base Part Extended Part 
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to outlet manifolds 106A, 10W,106C and 106D, respec- 
tively, which are connected to outlet lines 82A, 82B, 
82C and 82D, respectively. THe remainder of the heat 
transfer fluid circuit is the same as that shown in FIG. 2. 
FIG. 7 involves the base part of the same phase as that 
shown in FIG. 2. The flow in the extended part of this 
phase, i.e. the bottoming phase, will be similar to that 
shown in FIG. 3 except for the parallel flow of the heat 
transfer fluid through the pair of first stage and second 
stage compression zones. 

FIG. 8 is a schematic diagram showing the working 
fluid circuit for a two stage compression seriesheries 
regenerative heat pump process for cooling a refrigera- 
tion space and a freezer space. FIG. 8 also has four first 
stage and four second stage compression zones. The 
working fluid circuit for the system of FIG. 8 is the 
same as that for the system of FIG. 1 except for the 
addition of a second evaporator circuit. As shown in 
FIG. 8, branching off of line 57 is line 110, which is 
connected to condenser 112, which is connected to h e  
114. Line 114 is in heat transfer communication with the 
heat exchanger 116. Line 114 is connected to expansion 
valve 118, which is connected to line 119, which is 
connected to evaporator 120. 

Evaporator 120 contains a supply of liquid working 
fluid 122, which in this embodiment is ammonia. Evapo- 
rator 120 receives heat from a refrigerator zone thereby 
cooling the refrigerator zone. Ammonia vapor flows 
from evaporator 120 to line 124 which is in heat transfer 
communication with line 114 in heat exchanger 116. 
Line 124 is connected to line 48, which delivers ammo- 
nia vapor to the second stage compression zones at PM, 
thereby forming a second closed working fluid loop. 
The heat transfer fluid circuit for the system of FIG. 8 
is the same as that for the system of FIG. 1, namely that 
shown in FIGS. 2 and 3. 

FIG. 9 is a schematic diagram showing the working 
fluid circuit of another embodiment of this embodiment 
for a two stage compression regenerative heat pump 
process for a refrigeratodfreezer system also having 
four first stage and four second stage compression 
zones. However, in this embodiment the first stage and 
second stage compression zones are housed in separate 
vessels from each other. The heat transfer fluid circuit 
for the system of FIG. 9 is similar to that described for 
the system of FIG. 6 for which the base part of one 
phase is shown in FIG. 7. 

The embodiments shown in the systems of FIGS. 8 
and 9 use carbon as the sorbent and ammonia as the 
working fluid. The first stage compression zones oper- 
ate over a pressure range from about 30 psia or PL to 
about 73 psia or PM, and the second stage compression 
zones operate over a pressure range from about 73 psia 
or PMto about 212 psia or Pa. 

Evaporator 26, which contains a supply of liquid 
ammonia 24, receives heat from a freezer zone thereby 
cooling the freezer zone. Liquid ammonia is vaporized 
and the vapor flows from evaporator 26 through line 32, 
which is connected to manifold 34 which delivers am- 
monia vapor to the first stage compression zones at 
pressure PL. 

For the two stage, two evaporator zone, freezerhe- 
frigerator system of FIGS. 8 and 9, the first stage and 
second stage compression zone cycles are also depicted 
in FIG. 5. The first stage cycle is represented by the 
dash-line rectangle ABC'D'. The second stage cycle is 
represented by the dash-line rectangle EFG'H'. Points 
B' and F lay on the 100" F. isotherm, and points D' and 

12 
H lay on the 400" F. isotherm. The prime mark is used 
merely to distinguish points on FIG. 5 over the earlier 
example. The vertical differences between points B and 
D', and F and H ,  represents the grams of ammonia 

5 desorbed per gram of carbon adsorbent in each stage. 
For example, in one embodiment the ratio M f l ~  is 
adjusted to a predetermined value which is approxi- 
mately equal to: 

10 

where: l5 
M i  is the amount of carbon in the first stage compres- 

M2 is the amount of carbon in the second stage com- 

CB. is the adsorptive capacity of carbon for ammonia 

Cn is the adsorptive capacity of carbon for ammonia 

CF is the adsorptive capacity of carbon for ammonia 

CH. is the adsorptive capacity of carbon for ammonia 

Hwis ammonia enthalpy at point W of FIG. 8, 
Hxis ammonia enthalpy at point X of FIG. 8, 
Hyis ammonia enthalpy at point Y of FIG. 8, 
Hz is ammonia enthalpy at point Z of FIG. 8, 
QR is the heat load in the refrigerator, and 
Q ~ i s  the heat load in the freezer. 
For the two stage system represented by the dashed 

35 lines in FIG. 5, and for a predetermined design QR/QF 

sion zones, 

pression zones, 

at point B ,  

at point D', 

25 atpointF, 

at point H ,  

2o 

30 

ratio of 0.85, then 

M2 0 1593 - 0.0158 o.85 . 643.8 - 155.2 
40 = [ 0:3688 - 0.0441 3' [ ( 637.4 - 155.2 )+ ] 

or M2/M1=0.82. Thus the first stage compressors are 
about 22% larger than the second stage compressors. 

In other embodiments condensers 60 and 112 can be 
45 replaced by a single and larger condenser located after 

manifold 57 and upstream of line 110. 
In another alternate embodiment the refrigeration 

zone is cooled by the freezer zone and only one work- 
ing fluid circuit is required as shown in FIGS. 1 and 6. 

would be approximately 0.44. In this 
case the first stage compressors are about 126% larger 
than the second stage compressors. 

Referring to FIG. 2, solenoid valves 76A, 7W, 76C, 
55 76D, 84A, 84B, 84C and 84D, are controlled by control- 

ler means 130 so that only one of valve series 76A, 7W, 
76C and 76D, and only one of valve series 84A, 84B, 
84C and 84D, are open during the base part of each 
phase. Controller means 130 opens the valves for a 

60 predetermined period of time. Controller means 130 
also controls external heating means or natural gas 
burners 93A, 93B, 93C and 93D so that only one of 
them is heating the heat transfer fluid for a predeter- 
mined period of time during the base part of each phase. 

65 Controller means 130 also prevents any burner from 
heating the heat transfer fluid during the extended or 
bottoming part of any phase. Since the controller means 
for the embodiments shown in FIGS. 7, 8 and 9 is the 

50 In this case 
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first stage compression zone and then flows into the 
corresponding second stage compression zone. 

Heating means 93A, 93B, 93C and 93D can be oil heat 
or any other heat source desired. 

Other working fluids/sorbents can be used besides 
ammonia/carbon and the cycle adjusted as required to 
produce the desired cooling and heating temperature. 

While the preferred embodiments of the present in- 
vention have been described, it should be understood 
that various changes, adaptations and modifications 
may be made thereto without departing from the spirit 
of the invention and the scope of the appended claims. 
It should be understood, therefore, that the invention is 
not to be limited to minor details of the illustrated in- 
vention shown in preferred embodiment and the fig- 
ures, and that variations in such minor details will be 
apparent to one skilled in the art. 

Therefore it is to be understood that the present dis- 
closure. and embodiments of this invention described 
herein are for purposes of illustration and example and 
that modifications and improvements may be made 
thereto without departing from the spirit of the inven- 
tion or from the scope of the claims. The claims, there- 
fore, are to be accorded a range of equivalents commen- 
surate in scope with the advances made over the art. 

What is claimed is: 
1. A regenerative sorbent heat pump process for cool- 

(a) providing a working fluid; 
(b) confining a sorbent for the working fluid in a 

plurality of compressor zones, the number of com- 
pressor zones being at least eight, at least four of 
the compressor zones being included in a first stage 
operating over a first pressure region, and at least 
four of the compressor zones being included in a 
second stage operating over a second pressure 
region which is different and higher than the first 
pressure region; 

(c) introducing the working fluid vapor from an 
evaporation zone into at least one of the first stage 
compressor zones and sorbing the working fluid 
vapor on the sorbent therein at a predetermined 
first pressure PL, and 

desorbing the working fluid vapor from the sorbent 
in at least one of the second stage compressor zones 
and removing working fluid vapor therefrom at a 
predetermined second pressure PH which is higher 
than PL; 

(d) desorbing the working fluid vapor from the sor- 
bent in at least one of the first stage compressor 
zones at a predetermined third pressure PM which 
is higher than PL but lower than PH, and 

introducing the desorbed working fluid vapor there- 
from into at least one of the second stage compres- 
sor zones and sorbing the working fluid vapor on 
the sorbent therein at a pressure of about P~M; 

(e) minimizing the thermal capacitance differences 
between the first stage compression zones; 

(0 minimizing the thermal capacitance differences 
between the second stage compression zones; 

(g) condensing working fluid vapor removed from 

ing and heating an interior space comprising: 

same as that shown in FIG. 2, the controller means has 
not been shown in FIGS. 7, 8 and 9. 

In one embodiment the heat transfer fluid enters each 

interior space, thereby forming a working fluid 
liquid; 

(h) expanding and evaporating the working fluid 
liquid and forming the working fluid vapor in the 

5 evaporation zone at a pressure of about PL by trans- 
ferring heat from the interior space when cooling 
the interior space, or from the environment when 
heating the interior space, to the evaporation zone 
thereby cooling or heating the interior space; 

(i) circulating a heat transfer fluid in a closed loop 
which comprises a heat removal zone and the first 
stage and second stage compressor zones while 
preventing the heat transfer fluid from directly 
contacting the sorbent; 

(j) transferring heat from the heat transfer fluid in the 
heat removal zone to the environment; 

(k) adding heat from a heat source over a predeter- 
mined period of time to the first stage compressor 
zone which is desorbing the working fluid vapor at 

(l) adding heat from a heat source over a predeter- 
mined period of time to the second stage compres- 
sor zone which is desorbing the working fluid 
vapor at Pfi 

(m) transferring heat from the sorbent in the compres- 
sor zones which are sorbing working fluid vapor to 
the heat transfer fluid, and from the heat transfer 
fluid to the sorbent in the compressor zones which 
are desorbing working fluid vapor thereby regen- 

(n) repeating the steps sequentially in each of the 
other first and second stage compressor zones; 

(0) wherein the amount of sorbent in the first stage 
compression zones is Mi, the amount of sorbent in 
the second stage compression zones is M2, and 
adjusting the ratio M2/M1 to a predetermined value 
which is approximately equal to 
(CB-CI))/(CF-CH), wherein the adsorptive ca- 
pacity of the sorbent for the working fluid at PL 
and the lowest temperature in the first stage com- 
pression zones is CB, the adsorptive capacity of the 
sorbent for the working fluid at PMand the highest 
temperature in the first stage compression zones is 
CO, the adsorptive capacity of the sorbent for the 
working fluid at PMand the lowest temperature in 
the second stage compression zones is CF, the ad- 
sorptive capacity of the sorbent for the working 
fluid at PH and the highest temperature in the sec- 
ond stage compression zones is CH; and 

(p) maintaining the PH/PMratio approximately equal 
to the PM/PL ratio. 

2. The process of claim 1, wherein minimizing the 
thermal capacitance differences of the compression 
zones comprises equalizing the thermal capacitance of 

55 the first stage compression zones to each other, and 
equalizing the thermal capacitance of the second stage 
compression zones to each other. 

3. The process of claim 1, further comprising main- 
taining the PH/PMratio between about 1.1 and about 5,  

60 and maintaining the P M ~ L  ratio between about 1.1 and 
about 5. 

4. The process of claim 1, further comprising main- 
taining the PH/PMratio between about 1.5 and about 2, 
and maintaining the PM/PL ratio between about 1.5 and 

10 

15 

20 PM 

25 

30 erating heat; 

35 

40 

45 

50 

~~ ~ - 
the second stage compressor zone at a pressure of 65 about 2. 
about P ~ a n d  transferring heat from the working 
fluid to the environment when cooling an interior 
space, or to the interior space when heating the 

5. The process of claim 1, further comprising main- 
taining the PH/PM ratio at about 1.7, and maintaining 
the PM/PL ratio at about 1.7. 
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6. The process of claim 1, wherein the working fluid 
is ammonia, the sorbent is carbon, PL is from about 20 to 
about 100 psia, P ~ i s  from about 75 to about 175 psia, 
and PH is from about 150 to about 300 psia. 

7. The process of claim 1, wherein the working fluid 5 
is ammonia, the sorbent is carbon, PL is about 73 psia, 
P ~ i s  about 124 psia, and P ~ i s  about 212 psia. 

8. The process of claim 1, wherein the number of 
second stage compression zones is equal to the number 

9. A regenerative sorbent heat pump process for cool- 

(a) providing a working fluid; 
@) confining a sorbent for the working fluid in a 

plurality of compressor zones, the number of com- l5 
pressor zones being at least eight, at least four of 
the compressor zones being included in a first stage 
operating over a first pressure region, and at least 
four of the compressor zones being included in a 
second stage operating over a second pressure 
region which is different and higher than the first 
pressure region; 

(c) introducing the working fluid vapor from an 
evaporation zone into at least one of the first stage 25 
compressor zones and sorbing the working fluid 
vapor on the sorbent therein at a predetermined 
first pressure PL, and 

desorbing the working fluid vapor from the sorbent 
in at least one of the second stage compressor zones 3o 
and removing working fluid vapor therefrom at a 
predetermined second pressure PH which is higher 
than PL; 

(d) desorbing the working fluid vapor from the sor- 
bent in at least one of the first stage compressor 35 
zones at a predetermined third pressure PM which 
is higher than PL but lower than PH, and 

introducing the desorbed working fluid vapor there- 
from into at least one of the second stage compres- 
sor zones and sorbing the working fluid vapor on 40 
the sorbent therein at a pressure of about P a  

(e) minimizing the thermal capacitance differences 
between the first stage compression zones; 

(f) minimizing the thermal capacitance differences 
between the second stage compression zones; 

(g) condensing working fluid vapor removed from 
the second stage compressor zone at a pressure of 
about PH and transferring heat from the working 
fluid to the environment when cooling an interior 
space, or to the interior space when heating the 50 
interior space, thereby forming a working fluid 
liquid; 

(h) expanding and evaporating the working fluid 
liquid and forming the working fluid vapor in the 
evaporation zone at a pressure of about Pr. by trans- 55 
ferring heat from the interior space when cooling 
the interior space, or from the environment when 
heating the interior space, to the evaporation zone 
thereby cooling or heating the interior space; 

(i) circulating a heat transfer fluid in a closed loop 60 
which comprises a heat removal zone and the first 
stage and second stage compressor zones while 
preventing the heat transfer fluid from directly 
contacting the sorbent; 

0) transferring heat from the heat transfer fluid in the 65 
heat removal zone to the environment; 

(k) adding heat from a heat source over a predeter- 
mined period of time to the first stage compressor 

of first stage compression zones. 10 

ing and heating an interior space comprising: 

20 

45 

16 
zone which is desorbing the working fluid vapor at 
p a  

0) cooling the coolest compressor in the first stage to 
a predetermined first stage bottoming temperature; 

(m) adding heat from a heat source over a predeter- 
mined period of time to the second stage compres- 
sor zone which is desorbing the working fluid 
vapor at PH; 

(n) cooling the coolest compressor in the second 
stage to a predetermined second stage bottoming 
temperature; 

(0) transferring heat from the sorbent in the compres- 
sor zones which are sorbing working fluid vapor to 
the heat transfer fluid, and from the heat transfer 
fluid to the sorbent in the compressor zones which 
are desorbing working fluid vapor thereby regen- 
erating heat; 

(p) repeating the steps sequentially in each of the 
other first and second stage compressor zones; 

(q) wherein the amount of sorbent in the first stage 
compression zones is MI, the amount of sorbent in 
the second stage compression zones is M2, and 
adjusting the ratio M2/M1 to a predetermined value 
which is approximately equal to 
(CB-CD)/(CF- CH). wherein the adsorptive ca- 
pacity of the sorbent for the working fluid at PL 
and the lowest temperature in the first stage com- 
pression zones is CB, the adsorptive capacity of the 
sorbent for the working fluid at PMand the highest 
temperature in the first stage compression zones is 
CD, the adsorptive capacity of the sorbent for the 
working fluid at PMand the lowest temperature in 
the second stage compression zones is CF, the ad- 
sorptive capacity of the sorbent for the working 
fluid at PH and the highest temperature in the sec- 
ond stage compression zones is CH; and 

(r) maintaining the PHRM ratio approximately equal 
to the PMRL ratio. 

10. The process of claim 9, wherein cooling the coo- 
lest compressor in the first stage to a predetermined first 
stage bottoming temperature comprises circulating the 
heat transfer fluid in a closed loop which comprises the 
heat removal zone and the coolest first stage compres- 
sor zone but not the other first stage compressor zones. 

11. The process of claim 9, wherein cooling the coo- 
lest compressor in the second stage to a predetermined 
second stage bottoming temperature comprises circulat- 
ing the heat transfer fluid in a closed loop which com- 
prises the heat removal zone and the coolest second 
stage compressor zone but not the other second stage 
compressor zones. 

12. The process of claim 9, wherein cooling the coo- 
lest compressor in the first stage to a predetermined first 
stage bottoming temperature and cooling the coolest 
compressor in the second stage to a predetermined 
second stage bottoming temperature comprises circulat- 
ing the heat transfer fluid in a second closed loop which 
comprises the heat removal zone, the coolest first stage 
compressor zone and the coolest second stage compres- 
sor zone but not the other first stage compressor zones 
nor the other second stage compressor zones. 

13. The process of claim 9, wherein cooling the coo- 
lest compressor in the first stage to a predetermined first 
stage bottoming temperature and cooling the coolest 
compressor in the second stage to a predetermined 
second stage bottoming temperature further comprises 
circulating the heat transfer fluid in the second closed 
loop from the heat removal zone to the coolest first 
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stage compressor zone, from the coolest first stage com- 
pression zone to the coolest second stage compressor 
zone, and from the coolest second stage compression 
zone to the heat removal zone. 

14. The process of claim 9, wherein cooling the coo- 5 
lest compressor in the first stage to a predetermined first 
stage bottoming temperature and cooling the coolest 
compressor in the second stage to a predetermined 
second stage bottoming temperature further comprises 
circulating the heat transfer fluid in the second closed 10 
loop from the heat removal zone to a parallel circuit of 
the coolest first stage compressor zone and the coolest 
second stage compressor zone, and from the parallel 
circuit to the heat removal zone. 

mined second stage bottoming temperature is about 
equal to the predetermined first stage bottoming tem- 
perature. 

16. The process of claim 9, wherein the working fluid 
is ammonia, the sorbent is carbon, PLis from about 20 to 20 
about 100 psia, P ~ i s  from about 75 to about 175 psia, 
and PH is from about 150 to about 300 psia. 
17. The process of claim 9, wherein the working fluid 

is ammonia, the sorbent is carbon, PL is about 73 psia, 
PMis about 124 psia, PHis about 212 psia, and wherein 25 
the predetermined first stage bottoming temperature 
and the predetermined second stage bottoming temper- 
ature are from about 70" to about 150" F. 

18. A regenerative sorbent heat pump process for 
cooling a refrigeration space and a freezer space com- 30 

' 

15. The process of claim 9, wherein the predeter- 15 

prising: 
(a) providing a working fluid; 
(b) confining a sorbent for the working fluid in a 

plurality of compressor zones, the number of com- 
pressor zones being at least eight, at least four of 35 
the compressor zones being included in a first stage 
operating over a first pressure region, and at least 
four of the compressor zones being included in a 
second stage operating over a second pressure 
region which is different and higher than the first 40 
pressure region; 

(c) introducing the working fluid vapor from a 
freezer evaporation zone into at least one of the 
first stage compressor zones and sorbing the work- 
ing fluid vapor on the sorbent therein at a predeter- 45 
mined first pressure PL, and 

desorbing the working fluid vapor from the sorbent 
in at least one of the second stage compressor zones 
and removing working fluid vapor therefrom at a 

than PL; 
(d) desorbing the working fluid vapor from the sor- 

bent in at least one of the first stage compressor 
zones at a predetermined third pressure PM which 
is higher than PL but lower than PH; 

(i.1 the desorbed 
(fi.1 an additional 

predetermined second pressure 'Hwhich is bher 50 wherein the adsorptive capacity ofthe sorbent for the 
working fluid at PL and the lowest temperature in the 
first stage compression zones is CB, the adsorptive ca- 
pacity of the sorbent for the working fluid at PMand the 

55 highest temperature in the first stage compression zones 
is CD, the adsorptive capacity of the sorbent for the 
working fluid at PM and the lowest temperature in the 
second stage compression zones is CF, the adsorptive 
capacity of the sorbent for the working fluid at PH and 

into at least one of the second stage compressor zones 60 the highest temperature in the second stage comPres- 
sion zones is CH, the enthalpy Of the second portion Of 
the working fluid liquid after its condensation and be- 

(0 fore its expansion is Hx, the enthalpy of the heated 
between the first stage compression zones; freezer working fluid vapor is Hr, the enthalpy of the 

(g) w i n g  the thermal capacitance differences 65 heated refrigerator working fluid vapor is Hw, the en- 
between the second stage compression zones; thalpy of the first portion of the working fluid liquid 

(h) condensing working fluid vapor removed from after its condensation and before its expansion is Hz, a 
the second stage compressor zone at a pressure of predetermined design heat load in the refrigerator is 

(e) introducing 
fluid vapor at pM, and 
of working fluid vapor 

from a refrigeration evaporation zone, 

and sorbing the working fluid vapor on the sorbent 

the thermal capacitance differences 
therein at a pressure of about P~M; 

18 
about PH and transferring heat from the working 
fluid to the environment thereby forming a work- 
ing fluid liquid; 

(i) expanding a first portion of the working fluid liq- 
uid, and evaporating it in the freezer evaporation 
zone at a pressure of about PL by transferring heat 
from a freezer space to the freezer evaporation 
zone thereby cooling the freezer space; 

6) expanding a second portion of the working fluid 
liquid, and evaporating it in the refrigeration evap- 
oration zone at a pressure of about PM by transfer- 
ring heat from a refrigeration space to the refriger- 
ation evaporation zone thereby cooling the refrig- 
eration space and forming the additional amount of 
working fluid vapor; 

(k) circulating a heat transfer fluid in a closed loop 
which comprises a heat removal zone and the first 
stage and second stage compressor zones while 
preventing the heat transfer fluid from directly 
contacting the sorbent; 

(l) transferring heat from the heat transfer fluid in the 
heat removal zone to the environment; 

(m) adding heat from a heat source over a predeter- 
mined period of time to the fist stage compressor 
zone which is desorbing the working fluid vapor at 
PlM; 

(n) adding heat from a heat source over a predeter- 
mined period of time to the second stage compres- 
sor zone which is desorbing the working fluid 
vapor at PH; 

(0) transferring heat from the sorbent in the compres- 
sor zones which are sorbing working fluid vapor to 
the heat transfer fluid, and from the heat transfer 
fluid to the sorbent in the compressor zones which 
are desorbing working fluid vapor thereby regen- 
erating heat; 

(p) repeating the steps sequentially in each of the 
other first and second stage compressor zones; and 

(4) wherein the amount of sorbent in the first stage 
compression zones is MI, the amount of sorbent in 
the second stage compression zones is M2, and 
adjusting the ratio M2/M1 to a predetermined value 
which is approximately equal to 
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QR, and a predetermined design heat load in the freezer 
is QF. 
19. The process of claim 18, wherein minimizing the 

thermal capacitance differences of the compression 
zones comprises equalking the thermal capacitance of 5 
the first stage compression zones to each other, and 
equalizing the thermal capacitance of the second stage 
compression zones to each other. 
20. The process of claim 18, further comprising main- 

taining the PH/pllliratio between about 1.5 and about 2, 10 
and maintaining the PM/PL ratio between about 1.5 and 
about 2. 
21. The process of claim 18, wherein the working 

fluid is ammonia, the sorbent is carbon, Pr. is from about 

and PH is from about 150 to about 300 psia. 

fluid is ammonia, the sorbent is carbon, PL is about 30 
psia, P ~ i s  about 73 psia, and P ~ i s  about 212 psia. 

from a freezer space to the freezer evaporation 
zone thereby cooling the freezer space; 

(j) expanding a second portion of the working fluid 
liquid, and evaporating it in the refrigeration evap- 
oration zone at a pressure of about PM by transfer- 
ring heat from a refrigeration space to the refriger- 
ation evaporation zone thereby cooling the refrig- 
eration space and forming the additional amount of 
working fluid vapor; 

&) circulating a heat transfer fluid in a closed loop 
which comprises a heat removal zone and the first 
stage and second stage compressor zones while 
preventing the heat transfer fluid from directly 
contacting the sorbent; 

heat removal zone to the environment; 
(m) adding heat from a heat source over a predeter- 

mined period of time to the first stage compressor 
zone which is desorbing the working fluid vapor at 
PM 

10 to about 40 Psi% PMiS from about 40 to about 90 Psi% 15 0) transferring heat from the heat transfer fluid in the 

22* The process Of l8, wherein the 

23. The process of claim 18, wherein the number of 20 
second stage zones is to the number 

A regenerative 'Orbent heat pump process for 

(n) cooling the coolest compressor in the first stage to 

(0) adding heat from a heat Source Over a predeter- 
a predetermined first stage bottoming temperature; 

mined period of time to the second stage compres- 
sor zone which is desorbing the working fluid 
vapor at PH; 

(p) cooling the coolest compressor in the second 
stage to a predetermined second stage bottoming 
temperature; 

(q) transferring heat from the sorbent in the compres- 
sor zones which are sorbing working fluid vapor to 
the heat transfer fluid, and from the heat transfer 
fluid to the sorbent in the compressor zones which 
are desorbing working fluid vapor thereby regen- 
erating heat; 

other first and second stage compressor zones; and 

compression zones is Mi, the amount of sorbent in 
the second stage compression zones is M2, and 
adjusting the ratio M2/M1 to a predetermined value 
which is approximately equal to 

of first stage compression zones. 

cooling a refrigeration space and a freezer space com- 
25 prising: 

(a) providing a working fluid; 
(b) confining a sorbent for the working fluid in a 

plurality of compressor zones, the number of com- 
pressor zones being at least eight, at least four of 
the compressor zones being included in a first stage 30 
operating over a first pressure region, and at least 
four of the compressor zones being included in a 
second stage operating over a second pressure 
region which is different and higher than the first 
pressure region; 

(c) introducing the working fluid vapor from a 

first stage compressor zones and sorbing the work- 

mined first pressure PL, and 
desorbing the working fluid vapor from the sorbent 

in at least one of the second stage compressor zones 
and removing working fluid vapor therefrom at a 
predetermined second pressure PH which is higher 

35 

freezer evaporation zone into at least one of the 

ing fluid vapor on the sorbent therein at a predeter- 

(r) repeating the steps sequentially in each of the 

of sorbent in the first stage the 
4o 

than PL; 45 
(d) desorbing the working fluid vapor from the sor- 

bent in at least one of the first stage compressor (CF - CH) 

zones at a predetermined third presiure P i  which 
is higher than PL but lower than PH, 

(i.) the desorbed working fluid vapor at PM, and 
(i.) an additional amount of working fluid vapor 

into at least one of the second stage compressor zones 

wherein the adsorptive capacity of the sorbent for the 
50 working fluid at PL and the lowest temperature in the 

first stage compression zones is CB, the adsorptive ca- 
pacity of the sorbent for the working fluid at PMand the 
highest temperature in the first stage compression zones 
is CD, the adsorptive capacity of the sorbent for the 

and sorbing the working fluid vapor on the sorbent 55 working fluid at PMand the lowest temperature in the 
therein at a pressure of about PM, second stage compression zones is CF, the adsorptive 

capacity of the sorbent for the working fluid at PH and 
the highest temperature in the second stage compres- 
sion zones is CH, the enthalpy of the second portion of 

60 the working fluid liquid after its condensation and be- 
fore its expansion is Hx, the enthalpy of the heated 
freezer working fluid vapor is Hy, the enthalpy of the 
heated refrigerator working fluid vapor is Hw, the en- 
thalpy of the first portion of the working fluid liquid 

65 after its condensation and before its expansion is Hz, a 
predetermined design heat load in the refrigerator is 
QR. and a predetermined design heat load in the freezer 
is QF. 

(e) introducing 

from a refrigeration evaporation zone, 

(f) minimizing the thermal capacitance differences 
between the first stage compression zones; 

(g) minimizing the thermal capacitance differences 
between the second stage compression zones; 

(h) condensing working fluid vapor removed from 
the second stage compressor zone at a pressure of 
about PH and transferring heat from the working 
fluid to the environment thereby forming a work- 
ing fluid liquid; 

(i) expanding a first portion of the working fluid liq- 
uid, and evaporating it in the freezer evaporation 
zone at a pressure of about PL by transferring heat 
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25. The process of claim 24, wherein cooling the lest compressor in the second stage to a predetermined 
coolest compressor in the first stage to a predetermined second stage bottoming temperature further comprises 
first stage bottoming temperature comprises circulating circulating the heat transfer fluid in the second closed 
the heat transfer fluid in a closed loop which comprises loop from the heat removal zone to a parallel circuit of 
the heat rtmoval zone and the coolest first Stage corn- 5 the coolest first stage compressor zone and the coolest 
Pressor zone but not the other first Stage ComPreSSor second stage compressor zone, and from the parallel 
zones. circuit to the heat removal zone. 

26. The Process of Claim 24, wherein Cooling the 30. The process of claim 24, wherein the predeter- 
coolest compressor in the second stage to a predeter- mined second stage bottoming temperature is about 

circulating the heat transfer fluid in a closed loop which perature. 
comprises the heat removal zone and the coolest second %, wherein the working 

20 to about 40 psia, PMis from about 60 to about 90 psia, compressor zones. 

coolest compressor in the first stage to a predetermined 32. The process of claim 24, wherein the working 

psia, PM is about 73 psia, PH is about 212 psia, and lest compressor in the second stage to a predetermined 
second stage bottoming temperature comprises circulat- 

comprises the heat removal zone, the coolest first stage perature and the predetermined second stage bottoming 
compressor zone and the coolest second stage compres- temperature are from 70" to I5O0 F. 
sor zone but not the other first stage compressor zones 33. The process Of l8, further comprising ex- 

changing heat between (i.) the first portion of the work- nor the other second stage compressor zones. 
24, wherein cooling the 25 ing fluid liquid before its expansion and (ii.) the working 

coolest compressor in the first stage to a predetermined fluid vapor from the freezer evaporation zone thereby 
first stage bottoming temperature and cooling the coo- forming a heated freezer working fluid vapor; and ex- 
lest compressor in the second stage to a predetermined changing heat between (i-) the Second Portion of the 
second stage bottoming temperature further comprises working fluid liquid before its expansion and ( S a )  the 
circulating the heat transfer fluid in the second closed 30 working fluid vapor from the refrigerator evaporation 
loop from the heat removal zone to the coolest first zone thereby forming a heated refrigerator Working 
stage compressor zone, from the coolest first stage com- fluid vapor. 
pression zone to the coolest second stage compressor 34. The process of claim 1, further comprising ex- 
zone, and from the coolest second stage compression changing heat between (i.) the working fluid liquid after 
zone to the heat removal zone. 35 its condensation and before its expansion and (i.) the 

29. The process of claim 24, wherein cooling the working fluid vapor from the evaporation zone thereby 
coolest compressor in the first stage to a predetermined forming a heated working fluid vapor. 

mined s'XKd stage bottoming temperature comprises 10 equal to the predetermined first stage bottoming tern- 

31. The process of 
stage 'One but not the Other second stage fluid is ammonia, the sorbent is carbon, PL is from about 

27. The process of claim 24, wherein cooling the 15 and pHis from about 150 to about 3oo psis. 

first stage bottoming temperature and the coo- fluid is ammonia, the sorbent is carbon, p L  is about 30 

ing the heat transfer fluid in a second closed loop which 20 wherein the predetermined first stage bottoming tem- 

28. The process of 

first stage bottoming temperature and cooling the coo- * * * * *  
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