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[57] ABSTRACT

A simple heat cascading regenerative sorption heat pump
process with rejected or waste heat from a higher tempera-
ture chemisorption circuit (“HTCC”) powering a lower
temperature physisorption circuit (“LTPC”) which provides
a 30% total improvement over simple regenerative phys-
isorption compression heat pumps when ammonia is both
the chemisorbate and physisorbate, and a total improvement
of 50% or more for LTPC having two pressure stages. The
HTCC contains ammonia and a chemisorbent therefor con-
tained in a plurality of canisters, a condenser-evaporator-
radiator system, and a heater, operatively connected
together. The LTPC contains ammonia and a physisorbent
therefor contained in a plurality of compressors, a con-
denser-evaporator-radiator system, operatively connected
together. A closed heat transfer circuit (“CHTC”) is provided
which contains a flowing heat transfer liquid (“FHTL”) in
thermal communication with each canister and each com-
pressor for cascading heat from the HTCC to the LTPC. Heat
is regenerated within the LTPC by transferring heat from one
compressor to another. In one embodiment the regeneration
is performed by another CHTC containing another FHTL in
thermal communication with each compressor. In another
embodiment the HTCC powers a lower temperature ammo-
nia water absorption circuit (“LTAWAC”) which contains a
generator-absorber system containing the absorbent, and a
condenser-evaporator-radiator system, operatively con-
nected together. The absorbent is water or an absorbent
aqueous solution. A CHTC is provided which contains a
FHTL in thermal communication with the generator for
cascading heat from the HTCC to the LTAWAC. Heat is
regenerated within the LTAWAC by transferring heat from
the generator to the absorber. The chemical composition of
the chemisorbent is different than the chemical composition
of the physisorbent, and the absorbent. The chemical com-
position of the FHTL is different than the chemisorbent, the
physisorbent, the absorbent, and ammonia.

48 Claims, 12 Drawing Sheets

185t

984

4

3 0\7:5’\56”‘

?@ ) ”‘[t
564 Y7 = S
375

o9
958
95

£
Ed
)E.bl £ 4

4
CL

N
o 2

s
521

ax

o




5,463,879
Page 2

OTHER PUBLICATIONS 1986, vol. 26, pp. 450-458, by S. Bard.Sorption Cooler

Improving Adsorption Cryocoolers By Multi-stage Com- Technology Development At JPL, Cryogenics, Jun. 1990,
pression And Reducing Void Volume, Cryogenics, May vol. 30, pp. 239-245, by J. A. Jones.



Sheet 1 of 12

Nov. 7, 1995

U.S. Patent

5,463,879

Y4

\ N \W.“ f_ 4/: h
3 @ e | sT | < .
- O T QT Q7 L & h Q)
\ 1
Ay e |
ENNEENNRENNRENN _
AN [ ANNE AN NN |
3 NNT 12 NNTIE NNTIE NN _
ININESINGISS NG N ING “
g g _ g _ S _ “ﬂ ||||| :ilm um..m..u%tln
A A B el
Q mw Q & | % AN
D A A W A sl
3 R 3 Sr N7 mﬁum o
\ gizg=s



5,463,879

Sheet 2 of 12

Nov. 7, 1995

U.S. Patent

w.m
s N . Q —
O < 914 S Y
3 25
—K N V75 s
grs ” U ” M Vi o4
NN NN |
7 6 ||
L Va5
s w || T
ao/
\ﬂlﬂ ™ N\ - £5
R —CO “ 77777 g#9
099 gz, o g65
J0/ O 05 O
™~M—T 7777 mHU|Tv
L ﬁ ﬂ
99 77777 , )
Jes N5 x
go/ —O—> e o O 5
A N ~ V- —y
77777 [ ——
L
X9 77777
g2¢ N\
4 O3 _
| V0S5
M—" I,
Y O m_m 77777
v9g /44 _ /w\mv




U.S. Patent Nov. 7, 1995 Sheet 3 of 12 5,463,879
i~
76 45'4\ 7 )
\ 772 A) T
304 I L/ 47A/ »
>)——JI g " ( C/
458
N 77
rﬁ\ v /)_%Xj}\
) | ///// e
305‘30 “i-—%J/TE A 478 /
76 450\ 77 4 AN
> 1 7777 A o o
300~>O ] | P/
| | 450\ - 4 —C
' 6
J ! (774 "
300~ !
3@———' - 5
o = 5:' . |
TIM“/U Y
N N
SN AR
ZM/Q N N §\245
N NA
21 —T4
Snev iy
\

FIG. 3



U.S. Patent Nov. 7, 1995 Sheet 4 of 12 5,463,879

194~ 45A\ Z‘&/W
| NS
IV,

! } \ I \50,4
294 493\ 453\

o X777
7774,

N\ 508

456~ 46C

‘9‘3 [
VIV,

|

|

|

| 50¢ !

ch 490 \ 450 \ 450 ﬁ ;
X777 ;

|

c

|

|

> 7777
g}] N\ 500
3= 290

Fr————f—_———— ————

FIG. 4

—_———————t —_—— ——— — .T_.______J_ ______ d
[ |
B |
L |
797 |
I
N |
334N N —335
SNEINIS i
24A/§ N N s/—m - /
N N 3
N N 8
34A—K N h—
38 '
- e I
sl A Y e |
24 L LN TN :
|
l




U.S. Patent Nov. 7, 1995 Sheet 5 of 12 - 5,463,879

80 |
N 57A/ A~
7777 ) N
[/ /] C7o
458~ 728 55;4_{
77771 R
[/ /] crs)
450~ 72¢ 6;C—<}—(
7777} ) N
/[ /i ] 700
B N
450~ 720 sen
[/ [/
A | [/ /]

o NINENIN
| | NN NS
/A 244 NN NN
NI DN
65 60
g J
Y
22
67
_/




U.S. Patent Nov. 7, 1995 Sheet 6 of 12 5,463,879

844 \‘ 83’4\

X o
NN
A

848 \ 833\
N Y

830
840 \ \

248

S
L]

FIG. &



U.S. Patent Nov. 7, 1995 Sheet 7 of 12 5,463,879
8l
824
\ - 994 // 89
AVS 4 NI 90A¥"
) )
99 NF 7 ) 924
%A sy N\ N
854 f
B4A
968 528
S é //85’5\ I 05
NS~ T
NN 928
98B g N\ N
858
848

g2c

9IC
83c 90C

RN
NN
\\\7( / P 92C
96C \ N\ N

73 68

FIG. 7/



U.S. Patent Nov. 7, 1995 Sheet 8 of 12 5,463,879

159

161 954 jZA a9
\ W 1 )
99 NN Vs 924
974 \94;4 G54
998 /9125
162 838~ 918 g5
/ ~ YV A
\\‘%(\/ s 925\_
968 975 \_ g58
B4
67 /67\5 !5 174 98¢ }
| = 83~ 9C gop
74 ~ N~
| .\\‘%(\/ g 92(,“L
04 84c 820
164 980 ,/
/ 830~ 910 gop
N~
1 \\‘%(\/ g 920
%60 \y7p \ o
& . 84D
le
- -
— i % 95— g3
73 68 168 73 |
176
, 69 169
_/ —//
o N

—— FIG. &

160



U.S. Patent Nov. 7, 1995 Sheet 9 of 12 5,463,879

101 23
A A
r N N
44A\Q
wa_ AN
Iy l
//0 i | 2o XL W,S —~ I
o (LS m/T : s
NN 74 Ly »
Q % 103A 1078 496 455\ 46‘B$ i \i/
i%},A\( | BT S
NN S N (NN 77777 I e L
107P. | .
104A N : - pr” 4605# ; C \i/
™~
NN | D P |
: 338 : ﬁ—-‘l I, 47@/\;} : 440
| Q % |/ /o7 | | i £
ININDY RS Pl v v e P N O
\ 248 N
: LN o \(1' g ‘—{—LC!-'_‘ A T :
| / l07R\ | _ I 5 ! |
I /045—? I | | |
: \@ /025: f‘r_j ! ! -+
| | |
: : ” : j\_-' 42
I | 105 i i
] S
b ——— - — e B

FIG. 9



U.S. Patent Nov. 7, 1995 Sheet 10 of 12 5,463,879

110 111

4 A Yo A I
118
9
<§[‘ //-// //2/
3 ( =147
S fe0 —— 5
/////, | b~ 7
AS— Y
24/4/@7?__ ( [g
1524 1488 o | s \/25
L[] 140
/777Xg [ §
8”7 )\ Y|
/5@ (

+ - 4 -




U.S. Patent Nov. 7, 1995 Sheet 11 of 12 5,463,879

180 il

A Al
s v N
118
{119 121
N 7 /4
- 334 <k'j | ~—. [47
77777 iec| —— 5
/] 15< |— — b—~us3
/ ‘i i ‘ 124
2 ﬁ 168 |
193A 194A—]

. 194 |
[
| ,’;}0" 1948 |
L 777720\ |
R NP4 /)(\/ -+
I 1938 338 |
B ,—&m u
' 193¢ 1908 | |
'_. e 4
| —
| 5
l 186
l
! 1%
| I




U.S. Patent Nov. 7, 1995 Sheet 12 of 12 5,463,879

223
C ‘22/» ) 224
. . I
’ 237 N itz it | oo
219 225/
214 /- X 2239
- 4 231
o 250 ]
2//{ . 262
T\ 7T\
245< ™ il <
Y — 254 256 233
253 iy >
- e e TN
el N
[
17

A

L R A




5,463,879

1

HEAT CASCADING REGENERATIVE
SORPTION HEAT PUMP

ORIGIN OF INVENTION

The invention described herein was made in the perfor-
mance of work under a NASA Contract, and is subject to the
provisions of Public Law 96-517 (35 USC 202) in which the
Contractor has elected to retain title.

BACKGROUND OF THE INVENTION

1. Technical Field

This invention is directed towards regenerative heat pump
system and method using a working fluid or refrigerant and
an adsorbent material.

2. Discussion of the Invention

Heat pumps using solid adsorbent beds are well known as
shown by U.S. Pat. Nos. 4,610,148, 4,637,218 4,694,659,
5,025,635, 5,046,319 and 5,079,928. In general since sor-
bents take up the working fluid when cooled and desorb the
working fluid when heated, heat pumps are said to be heat
driven. Often in adsorbent and chemisorbent heat pumps
two beds of sorbents are used, one to adsorb the working
fluid while the other bed is desorbing the working fluid.
Alternate heating and cooling of the beds is the conventional
procedure. When used in air conditioning, heat from an
interior room may be used to evaporate the working fluid in
an evaporator with heat rejection to the environment at
ambient temperatures.

In all 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 amount of power
required to do the work. Since cooling COPy, or COP -, are
generally Jower than heating COPg, or COP,,, many sys-
tems are rated on their cooling COP;.

U.S. Pat. No. 4,637,218 mentions cooling COPg between
1 and 2 and heating COP; between 2 and 3. In U.S. Pat. No.
4,637,218 a hot coolant is pumped from a hot 204.4° C.
sorbent compressor to a cooler 37.8° C. sorbent compressor,
while at the same time cold coolant is pumped from the
cooler sorbent compressor to the hotter sorbent compressor.
Both compressors exchange heat yielding a typical heat
regeneration efficiency of about 80%. The remainder of the
heat is supplied by a boiler at about 204° C.

U.S. Pat. No. 4,610,148 reports a theoretical heating COP
of about 3 and a cooling COP of about 2, and, a calculated
operating COP,; of about 2.6 and a calculated operating
COP_. of about 1.6. .

FIG. 3 of U.S. Pat. No. 4,694,659, which is concerned
with a dual sorbent bed heat pump, shows heating and
cooling COP’s as a function of a dimensionless thermal
wavelength parameter.

Cryogenic cooler systems for sorption refrigerators using
_ a sorption compressor, a heating/cooling loop and a Joule-
Thomson expansion valve, or “J-T” valve, with methane as
a refrigerant gas and charcoal as the adsorbent, are disclosed
in articles entitled “High Efficiency sorption Refrigerator
Design”, and, “Design and Component Test Performance of
an Efficient 4 W, 130 K Sorption Refrigerator” in Advances
In Cryogenic Engineering, Vol. 35, Plenum Press, New
York, 1990. Desorption occurs at 4.46 MPa (646 psia), i.e.
P,, and adsorption at 0.15 MPa (22 psia), i.e. P,, or a
pressure ratio of about 30, ie. P,/P,=30. Methane is
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expanded from 4.46 MPa to 0.15 MPa to achieve cooling
below 130° K. (~143° C.). The sorbent is heated from 240°
K. (-33° C.) to 600° K. (327° C.) to desorb the methane.

U.S. Pat. Nos. 4,875,346 and 5,157,938 disclose cryo-
genic refrigeration systems in which heat is transferred by
helium heat transfer gas from a higher temperature circuit to
a lower temperature circuit. When heat is to be transferred,
helium is charged to annular gas-gaps between concentric
higher and lower temperature circuits. The helium heat
transfer fluid is not recycled in a closed loop bt exhausted to
a vacuum such as outer space leaving a vacuum in the
gas-gaps when no heat is to be transferred between circuits.
The working fluids used in the system are xenon, krypton
and oxygen.

U.S. Pat. No. 4,732,008 uses heat from a high condenser
and high absorber of a higher temperature solution pair to
heat a low generator of a lower temperature solution pair.

U.S. Pat. No. 4,827,728 uses a heat exchanger for heating
the generator of the absorption circuit with heat rejected
from the condenser and absorber of a medium absorption
circuit.

U.S. Pat. Nos. 5,025,635 and 5,079,928 transfer heat with
a heat transfer fluid from one chemisorbent to another
chemisorbent, e.g. from MgBr, to CoBr, to CoCl, to CaBr
to SrBr,,.

U.S. Pat. No. 5,042,259 discloses a regenerative hydride
heat pump system for regenerating the sensible heat of the
system which involves a series of at least four canisters
containing a lower temperature performing hydride and a
series of at least four canisters containing a higher tempera-
ture performing hydride. Each canister contains a heat
conductive passageway through which a heat transfer fluid
is circulated so that sensible heat is regenerated.

Gas Research Institute Report No GRI-88/0273 of Octo-
ber 1988, entitled Solid-Vapor Adsorption Refrigeration
System Development, discusses solid-vapor inorganic com-
plex compounds such as hydrates and amines and cycles for
use in industrial refrigeration applications. Vapor pressure
plots of compounds CC260-1260 and CC260-1300, which
are solid inorganic complex compounds and are useful
adsorbents for use in this invention, are found on pages 23
and 29 of Report No. GRI-88/0273.

U.S. Department of Energy, Paper No. DE91 010442,
entitled Development of -a High-Efficiency, Gas-Fired,
Absorption Heat Pump for Residential and Small-Commer-
cial Applications, September 1990, by Phillips Engineering
Co. discusses the generator-absorber heat-exchange (GAX)
cycle using ammonia-water as the fluid pair; and FIG. 14
thereof is a schematic flow diagram of the GAX absorption
unit.

Chemisorbents useful for the higher temperature circuit of
this invention are set forth in U.S. Pat. Nos. 4,848,994,
5,025,635 and 5,079,928.

A two staged adsorption system is disclosed in an article
entitled “Improving Adsorption Cryocoolers By Multi-stage
Compression And Reducing Void Volume”, Cryogenics,
1986, Vol 26, page 456, by S. Bard. Refrigerant is passed
between carbon adsorbent stages. However, a circuit for the
heat transfer fluid for regenerating heat was not shown. It is
understood that the heat was simply exhausted and not
regenerated.

U.S. Pat. No. 5,025,635 &iscloses staged adsorbers each
containing different adsorbents, i.e. MgBr,, CoBr,, CoCl,,
CaBr, and SrBr, in a single housing

U.S. Pat. No. 5,079,928 mentions that some reactors in a
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staged system can be combined into a single reactor.

Regenerative heat transfer fluid circuits for a single stage
system are disclosed in U.S. Pat. No. 5,046,319.

Other references of interest are U.S. Pat. Nos. 4,732,008,
4,827,728 and 4,848,994, and an article entitled “Sorption
Cooler Technology Development At JPL”, Cryogenics,
1990, Vol 30, page 239, by J. A. Jones.

SUMMARY OF THE INVENTION

The following terms are used herein. By the term “chemi-
sorbent” as used herein is meant chemical absorbent. By the
term ‘“chemisorption” as used herein is meant chemical
absorption. By the term “physisorbent” as used herein is
meant physical absorbent or physical adsorbent. By the term
“physisorption” as used herein is meant physical absorption
or physical adsorption. The term “canister” is used for the
reactor containing the chemisorbent. The term “compressor”
is used for the reactor containing the physisorbent or physi-
cal adsorbent.

Accordingly, there is provided by the principles of this
invention a heat cascading regenerative sorption heat pump
process with waste or rejected heat from a higher tempera-
ture chemisorption circuit powering a lower temperature
physical adsorption circuit. The process comprises provid-
ing a higher temperature ammonia chemisorption circuit
containing ammonia and a chemisorbent having a first
chemical composition operable for chemisorbing and des-
orbing ammonia. The ammonia chemisorption circuit com-
prises a plurality of canisters each containing the chemisor-
bent, first condensing means, first evaporating means for
cooling a low temperature load, first heating means for
heating the chemisorbent to a first upper temperature for
desorption of ammonia, and first cooling means for cooling
the chemisorbent, operatively connected together. Each can-
ister has a heat transfer element in thermal communication
with, but not in fluid communication with, the chemisorbent
therein.

The process further comprises providing a lower tempera-
ture ammonia physical adsorption circuit containing ammo-
nia and a physical adsorbent having a second chemical
composition operable for physically adsorbing and desorb-
ing ammonia, the second chemical composition being dif-
ferent than the first chemical composition. The ammonia
physical adsorption circuit comprises adsorption/desorption
means containing the physical adsorbent and having a first
part for desorbing ammonia and a second part for adsorbing
ammonia, second condensing means, second evaporating
means for cooling a low temperature load, second heating
means for heating the physical adsorbent in the first part of
the adsorption/desorption means to a second upper tempera-
ture for desorption of ammonia, and second cooling means
for rejecting heat therefrom, operatively connected together.

The process also comprises providing at least one first
closed heat transfer circuit containing a first heat transfer
liquid which is different than the chemisorbent, the physical
adsorbent and ammonia. The first closed heat transfer circuit
comprising the heat transfer element of at least one canister,
and heat exchange means in thermal communication with
the first part of the adsorption/desorption means but not in
fluid communication with the physical adsorbent.

In the process, cooling the chemisorbent by the first
cooling means is by flowing the first heat transfer liquid
through the heat transfer element of the at least one canister
thereby cooling it and the chemisorbent therein. In this
process, heating the first part of the adsorption/desorption

10

15

20

30

35

40

45

50

55

60

65

4

means and the physical adsorbent therein by the second
heating means to a second upper temperature for desorption
of ammonia is by flowing the first heat transfer liquid from
the at least one canister through the heat exchange means
thereby heating the first part, and thereby cascading heat
from the higher temperature ammonia chemisorption circuit
to the lower temperature ammonia physical adsorption cir-
cuit. The process further includes regenerating heat within
the adsorption/desorption means by transferring heat from
the first part thereof to the second part thereof.

In one embodiment, the first heating means for heating the
chemisorbent to a first upper temperature for desorption of
ammonia provides the entire net heat added to the process.

In another embodiment, rejecting heat from the lower
temperature ammonia physical adsorption circuit is by trans-
ferring heat from the second part of the adsorption/desorp-
tion means to a third low temperature heat sink, thereby
cooling the second part.

In one embodiment the chemisorbent is selected from the
group consisting of MgCl,, CaBr,, StBr,, CoBr,, and solid
inorganic ammoniated complex compounds. In another
embodiment, the chemisorbent is a solid inorganic complex
compound selected from the group consisting of alkaline
earth metal chlorides, bromides and chlorate salts, metal
chlorides, bromides and chlorate salts in which the metal is
Cr, Mn, Fe, Co, Ni, Ca, Ta or Re, a double chloride salt
selected from NH,LAICl,, NaAlCl,, (NH,),ZnCl,,
(NH,);ZnCls, K,ZnCl,, CsCuCl,, and K,FeCls, and NaBr
and NH,Cl. Non-limiting examples of some useful ammo-
niated complex compounds, the limits of the ligand and
temperature ranges are given in U.S. Pat. No. 4,848,994,
which is hereby incorporated herein by reference.

In another embodiment, the physical adsorbent is selected
from the group consisting of activated carbon, zeolite,
alumina and silica gel.

In one embodiment heating the at least one canister to the
first upper temperature comprises heating it directly with the
first heating means.

In another embodiment, the heating the at least one
canister to the first upper temperature comprises heating the
flowing first heat transfer liquid with the first heating means
thereby producing a heated flowing first heat transfer liquid,
and flowing the heated first heat transfer liquid to the at least
one canister, and transferring heat from the heated flowing
first heat transfer liquid to the at least one canister.

In one embodiment, the first low temperature heat load is
an interior space in a structure, and the second low tem-
perature heat load is also an interior space in the structure.

In one embodiment, the process further comprising regen-
erating heat within the higher temperature chemisorption
circuit by transferring heat from at least one hotter tempera-
ture canister to at least one cooler temperature canister.

In another embodiment, the process further comprising,
after the flowing first heat transfer liquid has transferred heat
to the first part of the adsorption/desorption means, regen-
erating heat within the higher temperature chemisorption
circuit by transferring heat from the flowing first heat
transfer liquid to at least another one of the canisters.

In one embodiment, the first condensing means is also the
second condensing means, the first evaporating means is
also the second evaporating means, and the first low tem-
perature heat load is also the second low temperature heat
load. ‘

In one embodiment, the second upper temperature is
lower than the first lower temperature. In another embodi-
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ment, the second upper temperature is higher than the first
lower temperature.

In one embodiment, after flowing the first heat transfer
liquid to the heat exchange means of the first part of the
adsorption/desorption means, the process further comprises
flowing the first heat transfer liquid through the heat transfer
element of at least one other canister.

In one embodiment, the third low temperature heat sink is
the ambient environment.

In another embodiment, the adsorption/desorption means
is a plurality of physical adsorption compressors each con-
taining the physical adsorbent, and the process comprises
heating at least one compressor to a second upper tempera-
ture and desorbing ammonia from the physical adsorbent
therein. In this embodiment, the heat exchange means is in
thermal communication with the at least one compressor and
the process further comprises heating the at least one com-
pressor to the second upper temperature by transferring heat
from the flowing first heat transfer liquid to the heat
exchange means, and transferring heat from the heat
exchange means to the at least one compressor, thereby
cascading heat from the higher temperature ammonia chemi-
sorption circuit to the lower temperature ammonia physical
adsorption circuit. In a further embodiment, regenerating
heat within the physical adsorption circuit is by transferring
heat from the at least one compressor to the at least one other
compressor; and cooling at least one compressor by trans-
ferring heat therefrom to a third low temperature heat sink.

In one embodiment, after flowing the first heat transfer
liquid to the heat exchange means of the at least one
compressor, the process further comprises flowing the first
heat transfer liquid through the heat transfer element of at
least one other canister.

In another embodiment, the process further comprising
providing a second closed heat transfer circuit containing a
second heat transfer liquid, the second closed heat transfer
circuit comprising a heat transfer element in thermal com-
munication with each compressor but not in fluid commu-
nication with the physical adsorbent. A further embodiment
comprises regenerating heat within the physical adsorption
circuit by flowing the second heat transfer liquid through the
heat transfer element of each compressor and transferring
heat between the flowing second heat transfer liquid and the
heat transfer elements. In another further embodiment, trans-
ferring heat from the heat exchange means to the at least one
compressor comprises transferring heat from the heat
exchange means to the flowing second heat transfer liquid,
and then transferring heat from the flowing second heat
transfer liquid to the heat transfer element of the at least one
COMpressor.

In one embodiment, the process further comprises direct-
ing the flowing second heat transfer liquid to and from the
heat transfer elements of the compressors in a predetermined
order so that the flowing second heat transfer liquid exiting
from the third heat sink flows first to the heat transfer
element of the compressor operating at the second lower
temperature, then in series to the heat transfer elements of
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In another embodiment, the process further comprises
activating and deactivating the first heating means in a
predetermined order, directing the flowing first heat transfer
liquid to and from the canisters in a predetermined order,
directing the flowing second heat transfer liquid to and from
the heat transfer elements of the compressors in a predeter-
mined order, and sequentially advancing the predetermined
order of compressors being heated to the second upper
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temperature. In a further embodiment, directing the flowing
first heat transfer liquid to and from the canisters in a
predetermined order is such that the flowing first heat
transfer liquid exiting from a canister cooling from the first
upper temperature transfers heat indirectly to a compressor
operating at the second upper temperature. In another
embodiment, directing the flowing first heat transfer liquid
to and from the canisters in a predetermined order is such
that the flowing first heat transfer liquid exiting from a
canister operating at the first lower temperature transfers
heat indirectly to a compressor operating at the second upper
temperature.

Further examples of control of regenerative adsorption
heat pump processes are described in U.S. Pat. No. 5,046,
319 and U.S. patent application Ser. No. 07/855,642 filed
Apr. 30, 1992, which are hereby incorporated herein by
reference.

Further examples of control of chemisorbent heat pump
processes are described in U.S. Pat. No. 5,042,259 which is
hereby incorporated herein by reference.

In one embodiment, the number of the at least one first
closed heat transfer circuit is equal to the number of the
canisters. In another embodiment, the number of the at least
one first closed heat transfer circuit is two. In one embodi-
ment, wherein the number of the at least one first closed heat
transfer circuit is two, the process further comprises per-
forming heating of the at least one canister to the first upper
temperature in one of the closed first heat transfer circuits,
and performing heating the at least one compressor to the
second upper temperature in the other one of the closed first
heat transfer circuits.

In one embodiment, the process further comprises pro-
viding a second closed heat transfer circuit containing a
flowing second heat transfer liquid, the second closed heat
transfer circuit having a heat transfer element in thermal
communication with each compressor but not in fluid com-
munication with the physical adsorbent, and the heat
exchange means comprises a plurality of heat exchangers,
the number of heat exchangers being equal to the number of
compressors, and further comprising pairing a heat
exchanger with each compressor. In this embodiment trans-
ferring heat from the flowing first heat transfer liquid to the
heat exchange means comprises directing the flowing first
heat transfer liquid from the canister cascading heat to the
lower temperature ammonia chemisorption circuit, to the
heat exchanger paired with the compressor receiving cas-
cading heat from the higher temperature ammonia physical
adsorption circuit, and directing the flowing second heat
transfer liquid to the heat exchanger paired with the com-
pressor receiving cascading heat thereby producing a heated
flowing second heat transfer liquid, and thereafter flowing
the heated second heat transfer liquid to the heat transfer
element of the compressor receiving cascading heat.

In a further embodiment, the process includes controlling
the second upper temperature during desorption of the
physical adsorbent in each compressor so that the pressure
in the compressor during such desorption is equal to pres-
sure in the canisters during desorption of the chemisorbent
in the canisters.

In one embodiment of this invention the heat cascading
regenerative sorption heat pump process further comprises
providing each canister with a heat transfer element in
thermal communication with the chemisorbent therein but
not in fluid communication with the chemisorbent, and
providing each compressor with a heat transfer element in
thermal communication with the physical adsorbent therein
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but not in fluid communication with the physical adsorbent.
In this embodiment the process includes providing a plural-
ity of heat exchangers, the number of which are equal to the
number of the compressors. Each heat exchanger has a first
section in thermal communication with the a second section.
The process includes pairing a heat exchanger with each
compressor. The process further comprises providing a
plurality of first closed heat transfer circuits each containing
a first heat transfer liquid, the number of the first closed heat
transfer circuits being equal to the number of the canisters.
Each first closed heat transfer circuit comprises the heat
transfer element of one canister, the first section of at least
one of the heat exchangers, and pumping means for flowing
the first heat transfer liquid therein. The process also
includes providing a second closed heat transfer circuit
containing a second heat transfer lignid. The second closed
heat transfer circuit comprises the heat transfer elements of
the compressors, the second sections of the heat exchangers,
and pumping means for flowing the second heat transfer
liquid therein. The process includes flowing the first heat
transfer liquid through the heat transfer element of at least
one canister, and then to the first section of one heat
exchanger. Heating the at least one compressor to the second
upper temperature comprises transferring heat from the
flowing first heat transfer liquid in the first section to the
flowing second heat transfer liquid in the second section, and
transferring heat from the flowing second heat transfer liquid
to the heat transfer element of the compressor being heated
to the second upper temperature. The process also includes
regenerating heat within the physical adsorption circuit by
flowing the second heat transfer liquid from the heat transfer
element of the hottest compressor to the heat transfer
element of another compressor, thereby transferring heat
from the physical adsorbent in one compressor to the
physical adsorbent in another compressor. The process fur-
ther includes cooling the second heat transfer liquid by
transferring heat therefrom to a third low temperature heat
sink and flowing the cooled second heat transfer liquid to
one of the compressors thereby cooling it.

In one embodiment the heat transfer fluid is selected from
the group consisting of mixtures of diphenyl and diphenyl
oxide, ortho-dichlorobenzene, ethylene glycol, methoxypro-
panol, silicon oils, and water. Examples of such heat transfer
fluids are the Dowtherm™ fluids.

In another embodiment, the compressors have two pres-
sure stages with a lower stage operating over a low to
intermediate pressure range and a higher stage operating
over an intermediate to high pressure range. In a further
embodiment, the low temperature heat load being cooled by
the process is a refrigerator and freezer combination.

Further examples of staged regenerative sorption heat
pump processes are described in my patent application Ser.
No. 8/113,611, filed AUG. 27, 1993, which is hereby incor-
porated herein by reference.

There is also provided by the principles of this invention
a heat cascading regenerative sorption heat pump process
with rejected heat from a higher temperature chemisorption
circuit powering a lower temperature water absorption cir-
cuit. The process comprises providing a higher temperature
ammonia chemisorption circuit containing ammonia and a
chemisorbent, the chemisorbent having a first chemical
composition operable for chemisorbing and desorbing
ammonia. All of the higher temperature ammonia chemi-
sorption circuit described above with the lower temperature
physical adsorption circuit can also be used in this embodi-
ment.

The process further comprises providing a lower tempera-
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ture ammonia water absorption circuit containing ammonia
and an absorbent selected from the group consisting of water
and absorbent aqueous solutions operable for absorbing and
desorbing ammonia. The absorbent having a second chemi-
cal composition operable for physically absorbing and des-
orbing ammonia, the second chemical composition being
different than the first chemical composition. The lower
temperature ammonia water absorption circuit comprises
absorption/desorption means containing the absorbent and
having a first part for desorbing ammonia and a second part
for absorbing ammonia, second condensing means, second
evaporating means for cooling a low temperature load,
second heating means for heating the first part of the
absorption/desorption means and the absorbent therein to a
second upper temperature for desorption of ammonia, and
second cooling means for rejecting heat therefrom, opera-
tively connected together.

The process also comprises providing at least one first
closed heat transfer circuit containing a first heat transfer
liquid, the first heat transfer liquid being different than the
chemisorbent, the absorbent and ammonia, the first closed
heat transfer circuit comprising the heat transfer element of
at least one canister, and heat exchange means in thermal
communication with the first part of the absorption/desorp-
tion means but not in fluid communication with the absor-
bent.

In the process cooling the chemisorbent by the first
cooling means is by flowing the first heat transfer liquid
through the heat transfer element of the at least one canister
thereby cooling it and the chemisorbent therein. In this
process, heating the first part of the absorption/desorption
means and the absorbent therein by the second heating
means to a second upper temperature for desorption: of
ammonia is by flowing the first heat transfer liquid from the
at least one canister through the heat exchange means
thereby heating the first part, and thereby cascading heat
from the higher temperature ammonia chemisorption circuit
to the lower temperature ammonia water absorption circuit.
The process further includes regenerating heat within the
absorption/desorption means by transferring heat from the
first part thereof to the second part thereof.

In one embodiment, the first heating means for heating the
chemisorbent to a first upper temperature for desorption of
ammonia provides the entire net heat added to the process.

In another embodiment, rejecting heat from the lower
temperature ammonia water absorption circuit is by trans-
ferring heat from the second part of the absorption/desorp-
tion means to a third low temperature heat sink, thereby
cooling the second part.

In one embodiment, the chemisorbent is selected from the
group consisting of MgCl,, CaBr,, S1Br,, CoBr,, and solid
inorganic ammoniated complex compounds.

In another embodiment, the absorbent for the lower
temperature circuit is water.

In one embodiment, the first part of the absorption/
desorption means is a generator for separating a strong
aqueous ammonia solution into a gaseous ammonia stream
and a weak aqueous ammonia solution stream, and the
second part of the absorption/desorption means is an
absorber for absorbing a gaseous ammonia stream in the
weak aqueous ammonia solution stream. In a further
embodiment, the ammonia water absorption circuit contain-
ing ammonia is an AHE circuit, and in another embodiment
it is an GAX circuit.

In another embodiment, the second upper temperature is
lower than the first lower temperature.













































