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(57) ABSTRACT 

A shell and coil type heat exchanger evaporator provides 
cooling for industrial coolants characterized by high viscos 
ity and a poor heat transfer coefficient. A large heat transfer 
surface area is provided Within a limited volume, and 
Without a high coolant pressure drop. A short initial cool 
doWn period is provided due to minimized heat exchanger 
mass and minimized volume of liquid coolant in the heat 
exchanger during initial cool doWn. 
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LIQUID CHILLER EVAPORATOR 

[0001] This application claims the bene?t of earlier ?led 
and pending provisional application No. 60/214,565. 

BACKGROUND OF THE INVENTION 

[0002] This invention is directed to providing industrial 
coolants, characteriZed by high viscosity and a poor heat 
transfer coef?cient, ?owing through an evaporator at a rate 
of 200 grams/sec (2 gallons/min) at temperatures betWeen 
—80 and —100 C. More particularly this invention de?nes a 
highly ef?cient and compact cylindrical evaporator con 
struction intended to provide cooling to Galden HT 70 (a 
commercial coolant) While maintaining a pressure drop 
across the evaporator not exceeding 2 PSI. The thermal 
masses of the evaporator and of the coolant in contact With 
the evaporator during the initial cool doWn of the evaporator 
are minimiZed. 

[0003] Refrigeration systems have been in existence since 
the early 1900s, When reliable sealed refrigeration systems 
Were developed. Since that time, improvements in refrig 
eration technology have proven their utility in both residen 
tial and industrial settings. In particular, very loW tempera 
ture refrigeration systems, colder than —20 C., currently 
provide essential industrial functions in biomedical applica 
tions, cryoelectronics, coating operations conducted in a 
vacuum (i.e. physical vapor deposition), semiconductor 
manufacturing applications, control of chemical reactions 
and pharmaceutical manufacturing processes. Another 
application involves thermal radiation shielding. In this 
application large panels are cooled to very loW temperatures. 
These cooled panels intercept radiant heat from vacuum 
chamber surfaces and heaters. This can reduce the heat load 
on surfaces being cooled to loWer temperatures than the 
panels. Yet another application is the removal of heat from 
objects being manufactured. In some cases the object is an 
aluminum disc for a computer hard drive, a silicon Wafer for 
an integrated circuit, or the material for a ?at panel display. 
In these cases the very loW temperature provides a means for 
removing heat from these objects more rapidly than other 
means, even though the object’s ?nal temperature at the end 
of the process step may be higher than room temperature. 
Further, some applications involving hard disc drive media, 
silicon Wafers, or ?at panel display material, include the 
deposition of material onto these objects. In such cases heat 
is released from the object as a result of the deposition and 
this heat must be removed While maintaining the object 
Within prescribed temperatures. Cooling a surface, like a 
platen, is the typical means of removing heat from such 
objects. 

[0004] In many of these applications, such as the semi 
conductor device manufacturing industry, it is necessary that 
refrigeration systems provide very loW temperature refrig 
eration to highly viscous industrial coolants With poor heat 
transfer coef?cients. Highly viscous coolants provide sev 
eral challenges and limitations to such systems, especially 
the evaporator of the refrigeration system. Additionally, in 
many such applications evaporator designs are further lim 
ited by siZe restrictions and a necessity to be compatible With 
customer systems already in place. A coolant is used as an 
intermediate ?uid instead of direct thermal contact With the 
refrigerant in cases Where the process tubing and heat 
exchanger are not rated for high design pressures required 
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by refrigeration processes. Using a secondary coolant (usu 
ally a liquid, but sometimes a gas) alloWs the process at the 
load Where the heat is removed to be operated With the 
coolant at much loWer pressure than the pressure that the 
refrigerant process must operate. 

[0005] This invention relates to refrigeration systems 
Which provide refrigeration at temperatures betWeen —20 C. 
and —150 C. by use of a secondary cooling ?uid or coolant. 
The temperatures encompassed in this range are variously 
referred to as loW, ultra loW and cryogenic. For purposes of 
this application the term “very loW” or very loW temperature 
Will be used to mean the temperature range of —20 C. to 
—150 C. 

[0006] Industrial applications that require very loW tem 
perature cooling often ?nd it necessary to provide such 
cooling to liquid coolants that become highly viscous at such 
temperatures. As a liquid coolant is pumped through a closed 
loop system, the pressure drop experienced by the coolant as 
it ?oWs through the evaporator affects the heat load on the 
refrigeration system, since higher coolant pressure drops 
require greater pump Work. Greater pump Work results in a 
greater increase in the ?uid temperature rise during the 
pumping process and results in a higher heat load of the 
refrigeration system. 

[0007] Many system con?gurations require limitations on 
the siZe of components, such as an evaporator. In the case of 
evaporator siZe restrictions, it is still necessary for the 
evaporator to supply the required cooling, or it is of no use. 
Evaporators typically achieve improved heat transfer effec 
tiveness and overall refrigeration cycle ef?ciencies by 
including a larger heat transfer area. HoWever, the inclusion 
of a large heat transfer surface area in a limited volume may 
present a signi?cant challenge. 

[0008] Many systems also require a quick initial cool 
doWn time. This is complicated by the high viscosity and 
loW thermal conductivity of very loW temperature industrial 
coolants. These physical limitations tend to result in larger 
heat exchangers since tight ?n spacing increases pressure 
drop. Larger heat exchangers have more mass to be cooled 
on initial cool doWn. In addition, a larger heat exchanger 
typically requires a larger volume to be ?lled With liquid. 
This large volume of liquid represents an additional mass to 
be cooled initially. Therefore, an effective design minimiZes 
heat exchanger mass and coolant volume, While maximiZing 
?oW passages (?n spacing). Due to the very high viscosity 
of the ?uid, heat exchangers often Will be operating With the 
?uid How in the laminar ?oW regime. To minimiZe pressure 
drop, very loW Reynolds number How is required. A limi 
tation of laminar How is that fully developed laminar How is 
dif?cult to alter in a Way that enhances the heat transfer rate. 
Therefore, an effective, compact design must prevent fully 
developed ?oW. Understanding of fully developed How and 
the development of fully developed ?oW relates to the 
formation of a boundary layer. The physics of boundary 
layers is Well knoWn to those skilled in the art of heat 
exchanger design. For reference, an excellent discussion of 
laminar ?oW heat transfer in boundary layers and fully 
developed laminar How is given by “Convective Heat and 
Mass Transfer,” Kays and CraWford, McGraW Hill, 1980. 

[0009] Galden HT 70 is an industrial coolant Widely used 
in the semiconductor manufacturing industry characteriZed 
by high viscosity (especially at cold temperatures), a poor 
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heat transfer coefficient, and a tendency to freeze out at 
temperatures below —120 C. These characteristics present 
many limitations and challenges to the design of an evapo 
rator that is to remove heat from such a coolant. 

[0010] Similar limitations are also experienced by other 
liquid heat transfer coolants used to provide heat transfer at 
temperatures beloW —20 C. Although the current design Was 
originally developed for use With Galden HT 70 it can also 
be used for other similarly high viscous liquids. 

[0011] Such very loW temperatures are needed for a vari 
ety of industrial applications. In the semiconductor industry 
such very loW temperatures are important for processing of 
semiconductor Wafers. In one such example, the deposition 
of material on a Wafer causes heat to be rejected to the Wafer, 
Which heat must be removed. Further, such processes must 
take place Within a speci?ed temperature range. Frequently, 
the process design requires cooling temperatures of —20 C. 
or colder to achieve desired process conditions. Addition 
ally, very loW temperature cooling is needed When the 
completed Wafers are tested. 

BACKGROUND PATENTS 

[0012] US. Pat. No. 5,704,123, “Method of making 
folded, bent and re-expanded heat exchanger tube and 
assemblies,” assigned to Peerless of America, Incorporated 
(Aptakisic, 111.), describes a heat exchanger assembly of the 
side-entry type including at least one ?n set and an elongated 
heat exchanger tube having a collapsed sideWall extending 
substantially the length of the tube Which permits the 
bending of the elongated heat exchanger tube at the return 
bend portions and permits expansion of the elongated tube 
to engage the ?n set. Method and apparatus for making the 
elongated heat exchanger tube having the collapsed sideWall 
substantially extending the length of the tube as Well as 
methods of making heat exchanger assemblies are disclosed. 

[0013] US. Pat. No. 5,538,075, “Arcuate tubular evapo 
rator heat exchanger,” assigned to Eubank Manufacturing 
Enterprises, Inc. (LongvieW, Tex.), describes an indoor heat 
exchange unit and method of making same characteriZed by 
an arcuate coil shape heat exchange unit made by bending a 
single tubing roW, planar heat exchange unit to ?t Within a 
limited space With an open inlet at one end and blocked at 
the other end so as to force air to How past the coil and 
transfer heat through the ?ns and tubes of the coil in the 
process. Also disclosed are preferred embodiments in Which 
an air circulation fan circulates air and Where a thermostat 
controls the How of heat exchange ?uid through the coil as 
the air is passed through the arcuate coil to obtain a 
predetermined temperature, or the like, in the air. 

[0014] US. Pat. No. 4,766,736, “Evaporator coil heat 
exchanger assembly,” assigned to Thermal King Corpora 
tion (Minneapolis, Minn.), describes an evaporator coil heat 
exchanger assembly of a refrigeration system, such as a 
transport refrigeration system, Which includes an electrical 
heating element for rapid defrosting of the evaporator coil 
With its attendant refrigerant carrying tubes and cooling ?ns. 
The electrical heating element is quickly attached to the 
collective edges of the cooling ?ns by a plurality of loW cost 
spring retainer clips Which have one portion Which extends 
betWeen tWo closely spaced cooling ?ns to hook a refriger 
ant carrying tube, and another portion Which holds the 
heating element against edges of the cooling ?ns With a 
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spring force. The spring retainer clips may be just as quickly 
removed should the heating element require replacement. 
Each spring retainer clip is formed from a single piece of 
metallic Wire having ?rst and second curved end sections, 
and an intermediate portion Which functions both as a spring 
and as a handle. 

[0015] US. Pat. No. 4,175,617, “SkeWed turn coiled tube 
heat exchanger for refrigerator evaporators,” assigned to 
General Electric Company (Louisville, Ky), describes a 
heat exchanger for refrigerator evaporators of the type 
consisting of helically coiled refrigerant-carrying tubing 
With radially inWard extending ?ns formed along the length 
of the coiled tubing, With the air to be refrigerated directed 
across the axis of the coil turns. The coil turns are skeWed 
from the helix angle to expose a greater proportion of the 
?ns into the air ?oW path betWeen the coil turns so as to 
increase the air ?oW contact With the ?ns. The skeWing is 
created by relatively offsetting opposite portions of the coil 
turns along the air ?oW path across the helical coil to 
increase the obliqueness of a portion of each coil turn With 
respect to the direction of air ?oW. The tube coil includes 
sections folded into a side-by-side relationship, With the 
skeW direction of the coil sections placed in reverse orien 
tations to increase the length of the How path of the air 
circulated through the coils and to position gaps betWeen 
each of the coil turns in either section opposite the areas in 
the other coil section occupied by radial ?ns. 

[0016] US. Pat. No. 4,116,270, “Tubular coiled heat 
exchanger and device for manufacturing same,” invented by 
Marushkin, Zelenov, KoZlov, et al (all of MoscoW), 
describes a tubular coiled heat exchanger adapted for cool 
ing or heating of various ?uids in various ?elds of industry. 
The heat exchanger comprises a shell and a core around 
Which tubes having essentially the same length are Wound-at 
least in tWo layers. The tubes may have grooves projecting 
into the tubes to intensify heat abstraction Within the tubes. 
A member of a streamlined cross-section, such as, a Wire, 
adapted for forming ?ns is Wound around the tubes With a 
pitch of at least tWice the diameter of the Wire. The tubes are 
Wound around the core so that the tops of the ?ns of each 
tube coil come alternately in contact With those of the ?ns 
and With tube surfaces of adjacent coils. The above embodi 
ment of the heat exchanger makes it possible to vary the 
number of turns of the tubes When Winding the tubes being 
set once Without any distance pieces betWeen the layers. 
This ensures the manufacture of a highly compact heat 
exchanger featuring high thermal and hydrodynamic prop 
erties. The heat exchanger may prove to be most advanta 
geous in cryogenics, in plants for liquefaction and separation 
of natural gas in particular. 

SUMMARY OF THE INVENTION 

[0017] The present invention is a shell and coil type heat 
exchanger evaporator that provides desired cooling, for 
example, to Galden HT 70, an industrial coolant character 
iZed by high viscosity and a poor heat transfer coefficient. 
The coolant ?oWs through the evaporator at a rate, for this 
example, of 200 grams/sec (2 gallons/min) at temperatures 
betWeen —80 and —100 C. With a maximum pressure drop 
across the evaporator of 2 PSI. The present invention in this 
example transfers 500 W at —80 C. and provides a heat 
transfer surface area betWeen 1.4 and 1.7 square meters 
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included Within limited evaporator dimensions of approxi 
mately twelve inches in length and three to four inches in 
diameter. 

[0018] One advantage of the use of the shell and coil type 
heat exchanging evaporator in accordance With the invention 
is that it achieves the desired cooling, for example, of 
Galden HT 70, by providing a large heat transfer surface 
area Within a limited volume, and Without a high coolant 
pressure drop. 

[0019] A second advantage of the use of the shell and coil 
type heat exchanging evaporator in accordance With the 
invention is that it alloWs a short initial cool doWn period 
due to the minimiZed heat exchanger mass and the mini 
miZed volume of liquid coolant to be cooled during initial 
cool doWn. 

[0020] A third advantage is that the current invention 
describes a refrigerant mixture that can be used to remove 
heat from the coolant When used in a refrigeration process 
Which cools the coolant heat exchanger (refrigerant evapo 
rator). 
[0021] A fourth advantage is that the current invention can 
also be used to cool a gas stream Without a high gas pressure 
drop. 

[0022] Still other objects and advantages of the invention 
Will be apparent in the speci?cation. The invention accord 
ingly comprises the features of construction, combinations 
of elements, and arrangements of parts, Which Will be 
exempli?ed in the constructions hereinafter set forth, and the 
scope of the invention Will be indicated in the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] For better understanding of the invention, reference 
is had to the folloWing description taken in connection With 
the accompanying draWings, in Which: 

[0024] FIG. 1 is a schematic of a very loW temperature 
refrigeration system With a shell and coil type heat exchang 
ing evaporator in accordance With the invention; and 

[0025] FIG. 2 is a schematic of the shell and coil type heat 
exchanging evaporator of FIG. 1. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0026] FIG. 1 is a block diagram of one generic construc 
tion using the shell and coil type heat exchanging evaporator 
in accordance With the invention. FIG. 1 shoWs a conven 
tional refrigeration system 100 that includes a refrigeration 
unit 102 feeding an evaporator 104 via a refrigerant supply 
line 106. The refrigerant supply line 106 feeds a How 
metering device (FMD) 108 Which in turn feeds evaporator 
104. The loop is closed from evaporator 104 back to 
refrigeration unit 102 via a refrigerant return line 110. 
Coolant is pumped into evaporator 104 from a secondary 
coolant loop (not shoWn) via a coolant inlet 114, and coolant 
is pumped out of evaporator 104 into the secondary coolant 
loop via a coolant outlet 116. Furthermore, a liquid drain 
valve 118 is connected to coolant inlet 114. 

[0027] Refrigeration system 100 is a conventional refrig 
eration system and its basic operation, Which is the removal 
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and relocation of heat, is Well knoWn in the art. All com 
ponents Within refrigeration system 100 are connected for 
refrigerant ?oW. 

[0028] Refrigeration unit 102 is any refrigeration system 
or process, such as a single-refrigerant system, a mixed 
refrigerant system, normal refrigeration processes, an indi 
vidual stage of a cascade refrigeration processes, an auto 
refrigerating cascade cycle, or a Kleemenko cycle. 

[0029] More speci?cally, refrigeration unit 102 may be the 
IGC Polycold Systems Inc. (San Rafael, Calif.) system (i.e., 
autorefrigerating cascade process), IGC APD Cryogenics 
(AllentoWn, Pa.) system With single expansion device (i.e., 
single stage cryocooler having no phase separation, Long 
sWorth US. Pat. No. 5,441,658), Missimer type cycle (i.e., 
autorefrigerating cascade, Missimer US. Pat. No. 3,768, 
273), Kleemenko type (i.e., tWo phase separator system), or 
a single phase separator system. Also, refrigeration unit 102 
may be variations on these processes such as described in 
Forrest US. Pat. No. 4,597,267 and Missimer US. Pat. No. 
4,535,597. 
[0030] Several additional basic variations of refrigeration 
unit 102 shoWn in FIG. 1 are possible. Refrigeration unit 
102 may be one stage of a cascaded system, Wherein the 
condensation of refrigerant is caused by very loW tempera 
ture refrigerant from another stage of refrigeration. Simi 
larly, the refrigerant produced by the refrigeration unit 102 
may be used to cool and liquefy refrigerant of a loWer 
temperature cascade process. Further, the refrigeration unit 
shoWn in FIG. 1 uses at least a single compressor. It is 
recogniZed that the refrigerant vapor compression effect can 
be obtained using tWo or more compressors in parallel, or 
that the compression process may be broken up into stages 
via compressors in series or a tWo stage or multi stage 
compressor. All of these possible variations are considered 
to be Within the scope of this disclosure. 

[0031] FMD 108 is any conventional ?oW metering 
device, such as a capillary tube, an ori?ce, a proportional 
valve With control feedback, or any restrictive element that 
controls ?oW. FMD 108 regulates the correct amount of 
refrigerant ?oWing into evaporator 104, much like a throttle. 
FMD 108 is one of the elements separating high-pressure 
and loW-pressure regions Within refrigeration system 100. 
[0032] Liquid drain valve 118 is a normally closed valve 
that is located at the bottom of the secondary coolant loop. 
When necessary, liquid coolant is drained out of refrigera 
tion system 100 via liquid drain valve 118. The ability to 
recover the liquid coolant is important due to the high cost 
of liquid coolants. A further function of liquid drain valve 
118 is to provide a port that is used to ?ll the coolant 
passages of refrigeration system 100. This is also very 
important because trapped air or gas in a liquid loop 
decreases pump displacement. Therefore, liquid drain valve 
118 must be the loWest point of the secondary coolant loop 
and must have direct plumbing that is continuously doWn 
Ward to prevent the possibility of having any trapped air or 
gas. 

[0033] Evaporator 104 of the present invention is a unique 
shell and ?nned coil heat exchanger. Refrigerant evaporates 
and absorbs heat from the coolant Within evaporator 104. 
Evaporator 104 is described in detail in FIG. 2. 

[0034] FIG. 2 is a detail draWing of a ?rst embodiment of 
evaporator 104, in accordance With the invention. Evapora 



US 2002/0040587 A1 

tor 104 includes a coolant inlet 202/114, a coolant outlet 
204/116, a refrigerant inlet 206, a refrigerant outlet 208, an 
outer cylinder 210, an inner cylinder 212, coiled tubing 214, 
an outer cap 216, an inner cap 218, and ?ns 220. 

[0035] Coolant inlet 202 is a segment of a coolant line that 
provides a coolant ?oW path to the inside of evaporator 104 
at cap 216 through Which coolant enters evaporator 104. 
Conversely, coolant outlet 204 is a segment of the coolant 
line that provides a coolant ?oW path With the inside of 
evaporator 104 at cap 218, through Which coolant exits 
evaporator 104. 

[0036] Refrigerant inlet 206 is a segment of a refrigerant 
line Which connects to coiled tubing 214 through Which 
refrigerant enters evaporator 104. Conversely, refrigerant 
outlet 208 is fed by refrigerant leaving coiled tubing 214. 

[0037] Cylinder 210 is the outer shell of evaporator 104. 
Cylinder 212 is a sealed holloW cylinder. The cylinder 212 
restricts the How of coolant through evaporator 104 to the 
volume de?ned by the volume of cylinder 210 minus the 
volume of cylinder 212, thereby forcing coolant to How 
across the heat transfer surface area provided by ?ns 220, 
and eliminating potential coolant bypass around the ?ns. 

[0038] Coiled tubing 214 is a helically Wound length of 3/8 
inch OD copper tubing along Which ?ns 220 are attached. 
Each turn of coil of ?nned tubing 214 comes into contact 
With the next turn at the ?n tips. For the speci?c arrangement 
tested, the tubing diameter Was 0.375“ and had a ?n height 
of 0.25“ resulting in an overall diameter of 0.875 inch. This 
results in a pitch of about 0.875“. Coiled tubing 214 is 
commercially available from a supplier (such as Heat 
Exchange Applied Technology, Orrville, Ohio) in a straight 
length or pre-coiled and includes ?ns 220 attached at the 
desired ?n spacing and ?n lengths. Typical ?n spacing is 
betWeen 0.06 and 0.08 inch. Typical ?n height is betWeen 
0.25 and 0.38 inch. 

[0039] Fins 220 are made of copper and have a thickness 
of about 0.015 inch and extend 0.25 inch from the tubing. 
The ?ns are typically made of a continuous metal ribbon 
Which is then Wrapped onto the tube With the Width of the 
ribbon oriented perpendicular to the tube length. The result 
ing assembly has a diameter equal to the tube diameter plus 
tWo ?n heights. The ?ns are Wrapped in a helix so that after 
completing one Wrap around the tube, the ?ns are offset by 
one ?n spacing. Fins 220 are ?xed to the tube by a tension 
Wind method or by braZing to the coiled tubing 214 (prior to 
coiling of the tube), extending from the surface of coiled 
tubing 214 from the inner surface of cylinder 212 to the 
inner surface of cylinder 210. The goal of the attachment 
method is to provide adequate mechanical stability to alloW 
coiling of the ?n and tube assembly, and to provide effective 
thermal conduction from the ?ns to the tubing. Typically the 
?ns and tubing are made of copper. Alternatively, the mate 
rial of the tubing and the ?ns may be of aluminum or 
stainless steel. 

[0040] Coiled tubing 214 is formed using a small mandrill 
and a rotating machine by holding stationary one end of the 
straight length of tubing and forming a coil. Such methods 
of forming coiled tubing 214 lengths are Well knoWn to the 
industry. 

[0041] Cap 216 seals one end of the evaporator 104. The 
opposite end of cylinder 210 is also sealed by a cap 224. 
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Likewise, inner cylinder 212 is sealed by tWo caps, one of 
Which is cap 218, the other is not shoWn for clarity in the 
draWing. 

[0042] Support 222 connects to the inner cylinder 212 and 
to the cap 216 to support the inner cylinder Within the outer 
cylinder 210. 

[0043] The material, and material thickness of the cylin 
ders 210 and 212, and of the caps 216, 224 and 218 are 
selected to provide the proper pressure rating needed for the 
coolant loop When operating at very loW temperatures. In 
operation the coolant mat be pressuriZed up to 100 psig. This 
pressure is internal to cylinder 210 and caps 216 and external 
to cylinder 212, caps 218, and the coiled tubing 214. Since 
thermal mass must be minimized, pressuriZation has an 
impact on the material selected. Additionally the method 
used to join the caps to the cylinder affects the material 
selection. For example, use of a Welding process Will 
typically require aluminum or stainless steel Whereas used of 
a braZing process Will typically require copper or stainless 
steel. The shape of the caps 216, 224, 218 are selected to 
provide an adequate pressure rating. 

[0044] FIG. 2 shoWs a vertical orientation for the evapo 
rator. This is important for purposes of enabling removal of 
coolant, or ?lling of coolant. For this purpose, the liquid 
drain valve 118 of FIG. 1 needs to be connected to the line 
connecting the coolant inlet 202 to the rest of the coolant 
loop. 

[0045] Evaporator 104 Was designed speci?cally for pro 
viding refrigeration to the industrial coolant Galden HT 70. 
Galden HT 70 is used in applications such as the semicon 
ductor manufacturing industry for cooling the chucks upon 
Which silicon Wafers are retained during etching processes, 
and is characteriZed by a high viscosity and a poor heat 
transfer coef?cient. 

[0046] The special coolant to Which refrigeration Was to 
be supplied, combined With customer restrictions, presented 
several limitations to the design of evaporator 104. Firstly, 
the coolant is cooled to —80 C. With 500 W of refrigeration 
capacity. Further, the How rate of the coolant is ?xed at about 
200 grams/sec (2 gallons/min), by a cold temperature pump 
and the circulation system supplied by the customer. Addi 
tionally, at these operating temperatures the viscosity of the 
coolant is very high, about 10 centistokes at —80 C. A large 
pressure drop across the evaporator is undesirable because it 
affects the pump energy input and the heat load on the 
refrigeration system. More speci?cally, higher coolant pres 
sure drops require higher input poWer, and higher input 
poWer to achieve a given amount of coolant heat removal 
results in loWer ef?ciency. Evaporator 104 Was limited to a 
2 PSI pressure drop across it. Further, the overall siZe of 
evaporator 104 Was restricted due to spatial constraints of 
the system. 

[0047] In operation, evaporator 104 is a cylindrical 
counter-?oW shell and coil heat exchanger Whose dimen 
sions are about tWelve inches in length and betWeen three 
and four inches in diameter. The evaporator provides refrig 
eration to the coolant as folloWs. Warm liquid coolant enters 
evaporator 104 at coolant inlet 202 and is distributed evenly 
by virtue of the symmetrical arrangement of the compo 
nents. Coolant ?lls the volume of evaporator 104 betWeen 
cylinder 212 and cylinder 210 and is pumped toWard coolant 
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outlet 204 at a pressure between 10 and 20 PSI at a How rate 
of 200 grams/sec (2 gallons/min). Refrigerant, meanwhile, is 
?owing through evaporator 104 in the opposite direction, 
from refrigerant inlet 206 through coiled tubing 214 and out 
of evaporator 104 at refrigerant outlet 208. The refrigerant 
?owing through the evaporator has a suf?cient bulk heat 
transfer such that its temperature rises no more than three 
times the temperature change of the coolant as coolant is 
cooled by the evaporator. Use of a mixed refrigerant is 
preferred since it provides a signi?cant temperature differ 
ence between the evaporator inlet 206 and outlet 208 and 
enables higher thermodynamic ef?ciency of the heat transfer 
since a more constant temperature difference is provided 
between refrigerant and coolant. 

[0048] Coolant and refrigerant come into thermal contact 
while ?owing counter to one another within evaporator 104 
and heat is extracted from the coolant by the refrigerant and 
heats the refrigerant, thereby cooling the coolant. 

[0049] The heat transfer that takes place within evaporator 
104 is limited by the Galden, whose heat transfer coef?cient 
is between 30 and 40 W/m2—K. Although the heat transfer 
coef?cient of the refrigerant is between 600 and 800 W/m2— 
K, the overall heat transfer coef?cient is restricted to the 
lesser of the two values, and thus is between 30 and 40 
W/m2—K. This fact affects the heat exchange, which is 
de?ned by 

[0050] where Q is the heat exchanged; k is the overall heat 
transfer coef?cient (between 30 and 40 W/m2—K, as stated 
above); F is the heat transfer surface area; and AT is between 
3 and 4 degrees Celsius (dictated by the customer). 

[0051] The only parameter of the above equation that is 
not ?xed in a particular construction is F, the heat transfer 
surface area. Fins 220 provide a large surface area for heat 
transfer between the coolant and the refrigerant within the 
restricted volume of evaporator 104, thereby providing the 
desired cooling. About fourteen ?ns 220 were attached, in 
the above example, along every inch of coiled tubing 214, 
providing a heat transfer area between 1.4 and 1.7 square 
meters. 

[0052] This design operates with a Reynolds number of 
about 10, based on the spacing between the ?ns. Having 
subsequent rows of ?nned tubing whose ?ns are offset from 
the prior row is preferred because it enhances heat transfer 
by preventing a fully developed hydrodynamic and thermal 
boundary layer. Speci?cally, it is preferred that ?uid ?owing 
near the in the center (maximum space between the ?uid and 
the ?ns) of two ?ns when passing through ?ns attached to 
one coil, will How much closer to the ?ns (minimum spacing 
between the ?uid and a ?n) attached to the next coil that the 
?uid passes by. Although this will create more pressure drop 
than if the ?ns of each coil are aligned, it improves heat 
transfer which enables a reduction in heat exchanger mass 
and coolant volume in the heat exchanger. 

[0053] In a second embodiment, in accordance with the 
invention, the evaporator described in the ?rst embodiment 
is combined with a mixed refrigerant including individual 
refrigerant components with boiling points that vary by at 
least 90 C. from the coldest boiling component to the 
warmest boiling component in the mixture. 
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[0054] A list of refrigerants that can be mixed together to 
provide the required refrigeration performance are listed in 
Table 1. 

TABLE 1 

Refrigerant composition 

Range (% by 
Ingredient Name weight) Example (% by weight) 

Argon or O—20% 
Nitrogen 
R-14 10—60% 22% 

R-14 
At least one of 5—40% 9% 
R-23, R-23 
or ethane 

At least one of 5—30% 9% 
R-125, or R- R-125 
143a, 
or R-32, or R 

134a, or R 
227ea, or R-218, 
or R-152a 

At least one of 

R-236fa, or R 
245fa, or R 
236ea or R 

245ca, or E-347, 
or R-4112, or 
R-4310meec 

O—70% 60% 
R-236fa 

[0055] Table 1 is a listing of the refrigerant mixture used 
in conjunction with the present invention, including Argon 
or Nitrogen, along with refrigerants R-14, R-23, R-125, 
R-32, R-134a, R-227ea, R-218, R-152a, R-236fa, R-245fa, 
R-245ca, R-236ea. With the exception of E-347, R-4112, 
and R-4310meec, all refrigerants listed are designated in 
accordance with American Society of Heating and Refrig 
eration and Air Conditioning Engineering (ASHRAE) stan 
dard number 34. 

[0056] E-347 is also known as 1-(methoxy)-1,1,2,2,3,3,3 
hepta?uoropropane (also CH3-O-CF2-CF2-CF3), 3M prod 
uct reference Hydro?uoroether 301. 

[0057] R-4112 is known as dodeca?uoropentane (also 
CF3CF2CF2CF2CF3). 
[0058] R-4310meec (1,1,1,2,2,3,4,5,5,5-deca?uoropen 
tane) is commercialiZed as a solvent by DuPont and is 
known by the trade name Vertrel XE. 

[0059] For most applications it is desired to have refrig 
erant components that are non?ammable and nontoxic. The 
speci?c blend listed meets these criteria and are the pre 
ferred refrigerants to use. This blend was applied in a 
refrigeration system without any phase separation, as 
described by the Longsworth Patent (cited above). 

[0060] The other refrigerants listed are alternative refrig 
erants. Refrigerant R-245fa is a refrigerant for use with or 
instead of R-236fa. Likewise, R-236ea and R-245ca are 
good candidates for use with or instead of R-236fa should 
they be available. 

[0061] Refrigerant E-347 is also another good refrigerant 
for use with or instead of R-236fa. However, a permissible 
exposure limit for E-347 is not yet established. Once known, 
its exposure limits will need to be reviewed for customer 
acceptance. 
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[0062] The following refrigerants are known to be ?am 
mable Which makes them less desirable for use: R-32, 
R-143a, R-152a, ethane. 

[0063] Refrigerants R-227ea and R-134a are not optimal 
refrigerants for most very loW temperature applications 
because their boiling point is not optimum. Instead, R-125 is 
preferred. 

[0064] Refrigerants R-218 and R-4112 are fully ?uori 
nated compounds and have high global Warming potentials. 
Therefore they are also not preferred. Additionally they are 
expected to produce a loWer refrigeration system ef?ciency 
than the preferred refrigerants. 

[0065] R-4310meec is considered to be toxic Which makes 
it a less desirable refrigerant than the preferred refrigerants. 

[0066] Table 1 lists the ingredients of the refrigerant 
mixture used favorably in conjunction With the present 
invention. The refrigerant mixture of Table 1 is character 
iZed by a heat transfer coefficient betWeen 600 and 800 
W/m2. Further, the speci?c example refrigerant mixture of 
Table 1 is a non?ammable, nonchlorinated refrigerant blend, 
desirable due to increasingly restrictive environmental regu 
lations. 

[0067] In a third embodiment the heat exchanger 
described in FIG. 2 is used With the refrigerant mixture 
described in the second embodiment to cool a gas While 
causing a loW pressure drop in the gas being cooled by the 
evaporator. 

[0068] Some industrial applications make use of a gas as 
the coolant in Which a bloWer is used to recirculate the gas 
Within a cooling loop. In this case, as With the pumping of 
a liquid, excessive pressure drop across the evaporator 
requires additional pumping Work to be performed on the 
gas by the bloWer Which ultimately increases the thermal 
load on the evaporator. Therefore loW pressure drop is 
essential for a successful design. Further, gasses typically 
have poor heat transfer properties not unlike the poor heat 
transfer of coolants like Galden HT 70. Use of the heat 
exchanger described in the ?rst embodiment enables effec 
tive cooling of a gas stream With a loW gas pressure drop. 

[0069] In summary, a ?rst feature of the invention is a 
means to achieve the desired cooling to Galden HT 70, an 
industrial coolant characteriZed by high viscosity and a poor 
heat transfer coefficient, by providing a large heat transfer 
surface area Within a limited volume. This is effected 
Without a high coolant pressure drop. Speci?cally, the shell 
and coil type heat exchanging evaporator in accordance With 
the invention provides the desired cooling to Galden HT 70 
?oWing through the evaporator at a rate of 200 g/s (2 
gallons/min) at temperatures betWeen —80 and —100 C. With 
a maximum pressure drop across the evaporator of 2 PSI. 
The present invention alloWs the transfer of 500 W at —80 C. 
and provides a heat transfer surface area betWeen 1.4 and 1.7 
square meters included Within the limited evaporator dimen 
sions of approximately tWelve inches in length and betWeen 
three and four inches in diameter. 

[0070] A second feature of the invention is a means of 
alloWing a short initial cool doWn period due to the mini 
miZed heat exchanger mass and the minimiZed volume of 
liquid coolant to be cooled during initial cool doWn. In 
speaking of “minimized”, this is a practical engineering 
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reduction in volume and mass and should not be construed 
as a mathematical or scienti?c minimum derived With pre 
cise multi-decimal tolerances. 

[0071] A third feature of the invention is the use of a 
mixed refrigerant system With the evaporator design 
described Where the mixed refrigerant is comprised of tWo 
refrigerants Whose boiling points differ by at least 90 C. 

In the claims: 
1. A liquid chiller for cooling loW temperature coolant, 

said coolant in steady state operation being cooled from T2 
to T1 at a predetermined mass How and pressure drop, 
comprising: 

a cylindrical outer casing having an initial internal vol 
ume, and including a coolant inlet and a coolant outlet, 
said coolant inlet and outlet communicating With said 
initial internal volume, said outer casing further includ 
ing a refrigerant inlet and refrigerant outlet; 

an inner cylinder Within said outer casing and having a 
common longitudinal axis With said casing, said inner 
cylinder occupying a substantial portion of said initial 
internal volume; 

a ?nned tubing of extended length connected betWeen 
said refrigerant inlet and said refrigerant outlet for 
refrigerant ?oW therethrough, said ?nned tubing being 
Wrapped around and contacting said inner cylinder and 
further occupying said initial internal volume, ?ns of 
said tubing extending toWard an inner surface of said 
outer casing; 

in operation, coolant entering said volume at said coolant 
inlet ?oWing over said ?nned tubing to said coolant 
outlet, a cold refrigerant ?oWing through said ?nned 
tubing from said refrigerant inlet to said refrigerant 
outlet absorbing heat from said coolant, 

said outer casing and inner cylinder being constructed in 
materials and dimensions, and said ?ns and tubing 
being selected, to provide loW mass and a reduced 
portion of said initial volume, said reduced portion 
being unoccupied by said inner cylinder and said ?nned 
tubing and ?llable With coolant, said chiller With said 
loW mass and reduced portion of internal volume 
providing said T2,T1, mass ?oW, and pressure drop in 
steady state operation, and rapid cool doWn at start up. 

2. Aliquid chiller as in claim 1, Wherein said outer casing 
and said inner cylinder are circular cylinders. 

3. Aliquid chiller as in claim 1, Wherein closeness of said 
?ns to said inner surface of said outer casing prevents any 
substantial bypass of said ?ns by said coolant ?oW during 
operation of said chiller. 

4. A liquid chiller as in claim 3, Wherein said chiller is 
siZed for use With a refrigerant that is one of a single 
refrigerant and a mixed refrigerant. 

5. A liquid chiller as in claim 3, Wherein said coolant cab 
?oW counter?oW to said refrigerant for heat transfer. 

6. A liquid chiller as in claim 3, Wherein said chiller is 
siZed for use With a coolant that is one of a liquid and a gas. 

7. A liquid chiller as in claim 6, Wherein said coolant is 
Galden HT 70. 

8. A liquid chiller as in claim 4, Wherein said refrigerant 
is a mixture of at least tWo components having normal 
boiling points at least 90 degrees C. apart. 
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9. A chiller as in claim 4, wherein said refrigerant is a 
mixed refrigerant that is approximately 22% R-14, approxi 
mately 9% R-23, approximately 9% R-125, and approxi 
mately 60% R-236fa=1 _ 

10. A liquid chiller as in claim 5, Wherein the temperature 
increase of refrigerant passing through said chiller in opera 
tion is equal to or less than three times the temperature 
change in the coolant ?oW. 

11. A liquid chiller as in claim 7, Wherein said coolant 
When ?oWing over said ?nned surface has a Reynolds 
number of approximately 10. 

12. A liquid chiller as in claim 1, Wherein said inner 
cylinder is at least partially holloW and sealed off from said 
initial internal volume. 

13. A liquid chiller as in claim 3, Wherein said inner 
cylinder is at least partially holloW and sealed off from said 
initial internal volume. 

14. A liquid chiller as in claim 7, Wherein said inner 
cylinder is at least partially holloW and sealed off from said 
initial internal volume. 

15. A closed cycle loW temperature refrigeration system 
comprising: 

a refrigeration unit for delivering loW temperature, loW 
pressure refrigerant at an outlet, and receiving a return 
How of said refrigerant at a higher temperature; 

a liquid chiller for cooling loW temperature coolant, said 
coolant in steady state operation being cooled from T2 
to T1 at a predetermined mass How and pressure drop, 
said liquid chiller including: 

a cylindrical outer casing having an initial internal vol 
ume, and including a coolant inlet and a coolant outlet, 
said coolant inlet and outlet communicating With said 
initial internal volume, said outer casing further includ 
ing a refrigerant inlet receiving said refrigerant from 
said refrigeration unit and a refrigerant outlet returning 
said refrigerant to said refrigeration unit; 

an inner cylinder Within said outer casing and having a 
common longitudinal axis With said casing, said inner 
cylinder occupying a substantial portion of said initial 
internal volume; 

a ?nned tubing of extended length connected betWeen 
said refrigerant inlet and said refrigerant outlet for 
refrigerant ?oW therethrough, said ?nned tubing being 
Wrapped around and contacting said inner cylinder and 
further occupying said initial internal volume, ?ns of 
said tubing extending toWard an inner surface of said 
outer casing; 

in operation, coolant entering said volume at said coolant 
inlet ?oWing over said ?nned tubing to said coolant 
outlet, said cold refrigerant ?oWing through said ?nned 
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tubing from said refrigerant inlet to said refrigerant 
outlet absorbing heat from said coolant, 

said outer casing and inner cylinder being constructed in 
materials and dimensions, and said ?ns and tubing 
being selected, to provide loW mass and a reduced 
portion of said initial volume, said reduced portion 
being unoccupied by said inner cylinder and said ?nned 
tubing and ?lled With said coolant, said chiller With said 
loW mass and reduced portion of internal volume 
providing said T2,T1, mass ?oW, and pressure drop in 
steady state operation, and rapid cool doWn at start up. 

16. A refrigeration system as in claim 15, Wherein said 
outer casing and said inner cylinder are circular cylinders. 

17. A refrigeration system as in claim 15, Wherein close 
ness of said ?ns to said inner surface of said outer casing 
prevents any substantial bypass of said ?ns by said coolant 
?oW during operation of said chiller. 

18. A refrigeration system as in claim 17, Wherein said 
refrigerant is one of a single refrigerant and a mixed refrig 
erant. 

19. A refrigeration system as in claim 17, Wherein said 
coolant ?oWs counter?oW to said refrigerant for heat trans 
fer. 

20. A refrigeration system as in claim 17, Wherein said 
coolant is one of a liquid and a gas. 

21. A refrigeration system as in claim 20, Wherein said 
coolant is Galden HT 70. 

22. A refrigeration system as in claim 18, Wherein said 
refrigerant is a mixture of at least tWo components having 
component boiling points at least 90 degrees C. apart. 

23. A refrigeration system as in claim 18, Wherein said 
refrigerant is a mixed refrigerant that is approximately 22% 
of R-14, approximately 9% of R-23, approximately 9% of 
R-125, and approximately 60% of R-236fa. 

24. A refrigeration system as in claim 19, Wherein the 
temperature increase of refrigerant passing through said 
chiller in operation is equal to or less than three times the 
temperature change in the coolant ?oW. 

25. A refrigeration system as in claim 21, Wherein said 
coolant When ?oWing over said ?nned surface has a Rey 
nolds number of approximately 10. 

26. A refrigeration system as in claim 15, Wherein said 
inner cylinder is at least partially holloW and sealed off from 
said initial internal volume. 

27. A refrigeration system as in claim 17, Wherein said 
inner cylinder is at least partially holloW and sealed off from 
said initial internal volume. 

28. A refrigeration system as in claim 21, Wherein said 
inner cylinder is at least partially holloW and sealed off from 
said initial internal volume. 


