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Wastewater heat traps 

A thermally isolated counter flowing heat exchanger com 
prising two isolated fluids having different energy levels 
flowing in contained systems separated by fluid heat trap 
passages and utilizing gates that control flow into different 
cells based on temperature. A system for transferring and 
storing thermal energy comprising a refrigerant circulating in 
a tank in a vortex such that when the vortex flow of the 
refrigerant is in contact with multiple spaced tubing located 
inside the tank, energy is transferred between the refrigerant 
and a fluid flowing inside the tubing. A system for generating 
energy comprising a hot regenerator and a cold regenerator, 
each thermally isolated and connected to counter cycling hot 
expansion pistons that utilize compression of exhausting hot 
gas as it flows into the cold regeneration area to create a 
Suction effect on the exhausting hot gas that adds power to the 
compression stroke of the piston to provide energy. 
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Heated fresh water 
out - bulkhead fitting 
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container 

Wastewater giving up heat 
as it moves up over the 
fresh water coils in each 
cell and then moves 
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Thermally isolated 
cells with cold fresh 
water flowing in the 
polymer tubes 

This figure illustrates a wastewater flow from bottom to top which dissipates 
the pressure more uniformly; however the flow can be from top to bottom. 
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This figure illustrates a wastewater flow from bottom to top which dissipates 
the pressure more uniformly; however the flow can be from top to bottom. 
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THERMAL ENERGY TRANSFER SYSTEM 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

0001. The present application is a continuation of and 
claims priority to provisional patent application Nos. 61,180. 
913 filed May 25, 2009 titled Thermally Isolated Counter 
Flowing Heat Exchanger: 61,178,881 filed May 15, 2009 
titled Thermal Energy Transfer and Storage System: 61,178, 
828 filed May 15, 2009 titled Energy System Using Ther 
mally Isolated Cold and Hot Transfer Areas, each of which is 
hereby incorporated by reference in its entirety. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to thermal 
energy transfer and specifically to transfer of thermal energy 
between isolated counter flowing fluids. 

BACKGROUND OF THE INVENTION 

0003 Heat transfer is the transition of thermal energy 
from a heated item to a cooler item. When an object or fluid is 
at a different temperature than its Surroundings or another 
object, transfer of thermal energy, also known as heat transfer, 
or heat exchange, occurs in Such a way that the body and the 
surroundings reach thermal equilibrium. Heat transfer always 
occurs from a hot particle to a cold particle, a result of the 
second law of thermodynamics. Therefore, where there is a 
temperature difference between objects in proximity, heat 
transfer between them can never be stopped; it can only be 
slowed. 

0004. Thermal energy is conducted well by metals such as 
copper, platinum, gold, iron, etc. Energy can also be trans 
ferred through the walls of other materials such as polymers 
e.g. polyethylene, polypropylene, nylon, if there is sufficient 
time or an increased rate of flow of fluids relative to surface 
area on either side of the material—thereby utilizing forced 
convection. The increased surface area coupled with an 
increased length of time for the heat transfer increases the 
heat transfer efficiency for polymer materials 
0005 Heat Reclamation Introduction—a Model of a 
Simple Heat Exchanger 
0006 Asimple fluid heat exchanger might be thought of as 
two straight pipes with fluid flow, which are thermally con 
nected. Let the pipes be of equal length L. carrying fluids with 
heat capacity C, (energy per unit mass per unit change in 
temperature) and let the mass flow rate of the fluids through 
the pipes be j, (mass per unit time), where the Subscript i 
applies to pipe 1 or pipe 2. 
0007. The temperature profiles for the pipes are T(x) and 
T(X) where X is the distance along the pipe. Assume a steady 
state, so that the incoming temperature profiles are not func 
tions of time. Assume also that the only transfer of heat from 
a small volume offluid in one pipe is to the fluid element in the 
other pipe at the same position. There will be no transfer of 
heat along a pipe due to temperature differences in that pipe. 
By Newton's law of cooling, see below, the rate of change in 
energy of a small volume of fluid is proportional to the dif 
ference in temperatures between it and the corresponding 
element in the other pipe: 
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du (T-T) cit = y. 12 

du2 (T-T) cit = y. 2 

0008. Where u(x) is the thermal energy per unit length and 
Y is the thermal connection constant per unit length between 
the two pipes. This change in internal energy results in a 
change in the temperature of the fluid element. The time rate 
of change for the fluid element being carried along by the flow 
is: 

du1 = i dT 
1. 

du2 = i dT. 
2. 

(0009. Where J-C, is the “thermal mass flow rate". The 
differential equations governing the heat exchanger may now 
be written as: 

8x 

1.92= vT-T 2 = y(T-T) 

0010 Note that, since the system is in a steady state, there 
are no partial derivatives oftemperature with respect to time, 
and since there is no heat transfer along the pipe, there are no 
second derivatives in X as is found in the heat equation. These 
two coupled first-order differential equations may be solved 
to yield: 

Bk k T = A - e. k 8 

Bk 
T. = A + i.e : 

I0011 Where k1=y/J, ky/J. k-k+k, and A and B are 
two as yet undetermined constants of integration. Let To and 
To be the temperatures at X 0 and let T and T be the 
temperatures at the end of the pipe at x=L, where L is the pipe 
length. Define the average temperatures in each pipe as: 

0012. Using the solutions above, these temperatures are: 

T = A Bk 
10 = 1 - - - 
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-continued 

T = A + Pe 20 F k 

Bk 
TL = A - tlet 

Bk 
T = A + '^2-kL 

k 

Bk -k 
T = A-1 (1-e') 

0013 Choosing any two of the above temperatures will 
allow the constants of integration to be eliminated, and that 
will allow the other four temperatures to be found. The total 
energy transferred is found by integrating the expressions for 
the time rate of change of internal energy per unit length: 

d = fields = I (T-T) = yLT,-T tax- (TE - To) = y L(T2 - T1) 

tle = fear = 1.(T-T) = yLT-T - tax = 2 (T21 - T20) = y L(T1 - T2) 

0014. By the conservation of energy, the sum of the two 
energies is Zero. The quantity T-T is known as the log mean 
temperature difference and is a measure of the effectiveness 
of the heat exchanger in transferring heat energy. 
0015 Log Mean Temperature Difference 
0016. The log mean temperature difference (LMTD) is 
used to determine the temperature driving force for heat trans 
fer in flow systems (most notably in heat exchangers). The 
LMTD is a logarithmic average of the temperature difference 
between the hot and cold streams at each end of the 
exchanger. The use of the LMTD arises straightforwardly 
from the analysis of a heat exchanger with constant flow rate 
and fluid thermal properties. 
0017 For countercurrent flow (i.e. where the hot stream, 
liquid or gas, goes from left to right, and the cold stream, 
again liquid or gas goes from right to left), is given by the 
following equation: 

(T - 12) - (T2 - 1) 
T - in E) 

LTD = 

0018 And for parallel flow (i.e. where the hot stream, 
liquid or gas, goes from left to right, and so does the cold 
stream), is given by the following equation: 

(T - i) - (T2 - 12) 
LTD = T - i. 

n T - :) 

0019. T=Hot Stream Inlet Temp. 
0020 T-Hot Stream Outlet Temp. 
0021 t—Cold Stream Inlet Temp. 
0022 t-Cold Stream Outlet Temp. 
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0023. It makes no difference which temperature differen 
tial is 1 or 2 as long as the nomenclature is consistent. The 
larger the LMTD, the more heat is transferred based on a 
larger heat difference. 
0024 Yet a third type of unit is a cross-flow exchanger, in 
which one system (usually the heat sink) has the same nomi 
nal temperature at all points on the heat transfer Surface. This 
follows similar mathematics, in its dependence on the LMTD, 
except that a correction factor F often needs to be included in 
the heat transfer relationship. 
0025 Derivation 
0026. Assume heat transfer is occurring between two flu 
ids (T and T.) with a temperature difference of AT(A) at 
point A and AT(B) at point B (where AT(z)=T(z)-T(z)). 
The direction of fluid flow does not need to be considered. 
Since LMTD is the average temperature difference of the two 
streams between points A and B the following formula 
defines LMTD: 

Ed: 
LTD = 

0027. Where Z is the distance parallel to the motion of the 
two fluids. 
0028. The rate of change of the temperature of the two 
fluids, T and T respectively, is proportional to the tempera 
ture difference between the two fluids: 

dT 
= ka (T(z) - T2 (3)) = -ka AT(z) 

2. 

0029. Therefore: 

d(AT) d(T-T) dT, dT. d - = 1 - 1 = KAT(z) 

0030. Where K-k+k. 
0031. This gives a value for dZ: 

1 d(AT) d: = - A - 

0032 Substituting back into the formula for LMTD: 

B AT(B) 1 ? AT(z)dz, ? K d(AT) 
LMTD = A a = At 

I. d ?" d(AT) 
ATA) K AT 
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0033 Integrating gives: 

"laat LTD = I. K"' ATRE, ATB)-ATA) 
?"; a nati: i A) ATA) K AT AT(A) 

0034 Trivial case: 

AT(z) = C for all 3. 

LMTD = -- = = C 

Ed: Ed: 

0035 Newton's Law of Cooling 
0036. A related principle, Newton's law of cooling, states 
that the rate of heat loss of a body is proportional to the 
difference intemperatures between the body and its surround 
ings, or environment. The law is 

E=h AT-T) 
0037 Q=Thermal energy in Joules 
0038 h=Heat transfer coefficient 
0039 A=Surface area of the heat being transferred 
0040 To-Temperature of the object's surface 
0041 TTemperature of the environment 
0042. This form of heat loss principle is sometimes not 
very precise; an accurate formulation may require analysis of 
heat flow, based on the (transient) heat transfer equation in a 
non-homogeneous, or else poorly conductive, medium. The 
following simplification may be applied so long the Surface 
conductance related to the interior thermal conductivity in a 
body is uniform (Biot number). This is the case with a body of 
water as it has relatively high internal conductivity, such that 
(to good approximation) the entire body is at the same uni 
form temperature as it is cooled from the outside, by the 
environment. If this is the case, then it is easy to derive from 
these conditions the behavior of exponential decay of tem 
perature of a body. In Such cases, the entire body is treated as 
lumped capacitance heat reservoir, with total heat content 
which is proportional to simple total heat capacity Q mcT. 
and the temperature of the body. If T(t) is the temperature of 
Such a body at time t, and T is the temperature of the 
environment around the body, then 

dT(t) 
cit 

0043. Where r is a positive constant characteristic of the 
system, which must be in units of 1/time, and is therefore 
Sometimes expressed in terms of a time constant: r=1/to. 
0044) The solution of this differential equation, by stan 
dard methods of integration and Substitution of boundary 
conditions, gives: 
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0045. Here, T(t) is the temperature at time t, and T(0) is the 
initial temperature at Zero time, or t=0. 
0046) If AT(t) is defined as: T(t)-T, where AT(0) is the 
initial temperature difference at time 0, then the Newtonian 
Solution is written as: 

0047 Uses 
0048 For example, simplified climate models may use 
Newtonian cooling instead of a full (and computationally 
expensive) radiation code to maintain atmospheric tempera 
tures that are greater than the heat of vaporization. 
0049 
0050. It has been assumed that the rate of change for the 
temperature of both fluids is proportional to the temperature 
and volume difference; this assumption is valid for fluids with 
a constant specific heat, which is a good description of fluids 
changing temperature overa relatively small range, i.e. within 
the temperatures of boiling and solidifying. However, if the 
specific heat changes, the LMTD approach will no longer be 
accurate. Two particular cases where the LMTD is not appli 
cable are condensers and reboilers, where the latent heat 
associated to phase change makes the hypothesis invalid. The 
present invention operates within the assumed parameters. 
0051. Incorporated by reference herein are: 
0052 Kay J M & Nedderman RM (1985) Fluid Mechan 
ics and Transfer Processes, Cambridge University Press 
0053 S. S. Kutateladze and V. M. Borishanski, “A Con 
cise Encyclopedia of Heat Transfer, Pergamon Press, 1966. 
0054) Thermal Energy Storage (TES) 
0055. The standard enthalpy of fusion (symbol: AHfus), 
also known as the heat offusion or specific melting heat, is the 
amount of thermal energy which must be absorbed or evolved 
for 1 mole of a substance to change states from a solid to a 
liquid or vice versa. It is also called the latent heat of fusion or 
the enthalpy change of fusion, and the temperature at which it 
occurs is called the melting point. 
0056. When thermal energy is withdraw from a liquid or 
Solid, the temperature falls. Conversely, when heat energy is 
added, the temperature rises. However, at the transition point 
between solid and liquid (the melting point), extra energy is 
required called the heat of fusion. To go from liquid to solid, 
the molecules of a substance must become more ordered. For 
them to maintain the order of a solid, extra heat must be 
withdrawn. In the other direction, to create the disorder from 
the solid crystal to liquid, extra heat must be added. 
0057 The heat of fusion can be observed if the tempera 
ture of water is measure as it freezes. If a closed container of 
room temperature water is plunged into a very cold environ 
ment (about -20°C.), the temperature will fall steadily until 
it drops just below the freezing point (0°C.). The temperature 
then rebounds and holds steady while the water crystallizes 
Once completely frozen, the temperature will fall steadily 
again. The temperature stops falling at (or just below) the 
freezing point due to the heat of fusion. The energy of the heat 
of fusion must be withdrawn (the liquid must turn to solid) 
before the temperature can continue to fall. 
0.058 To heat one kilogram (about 1 liter) of water from 
10° C. to 30° C. requires 20 kcal. However, to melt ice and 

Assumptions 
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raise the resulting water temperature 20° C. requires extra 
energy. To heat ice from 0°C. to water at 20° C. requires: 
0059 (1) 80 cal/g (heat of fusion of ice)=80 kcal for 1 kg 
0060 PLUS 
0061 (2) 1 cal/(g: C.)=20 kcal for 1 kg to go up 20° C. 
0062 = 100kcal-orapproximately 5 times the energy with 
the heat of fusion 
0063 High peak summertime loads drive the capital 
expenditures of the electricity power generation industry. 
However, the peak demand is not Sustained throughout the 
day. As a result, power companies must Supplement the Sus 
tained load with additional power generation that can be 
brought on to provide peak load but turns off when demand 
subsides. The power industry meets these peak loads with 
low-efficiency peaking power plants, usually gas turbines, 
which have lower capital costs but higher fuel costs. At night, 
the baseline demand uses less expensive sources of electricity 
like nuclear power. A kilowatt-hour of electricity consumed at 
night can be produced at much lower marginal cost. In order 
to reduce peak demand and to increase off-peak usage, utili 
ties have begun to pass these lower costs to consumers, in the 
form of Time of Use (TOU) rates, or RealTime Pricing (RTP) 
Rates. 
0064. Thermal energy is cheaper than any other energy 
Source. Thermal energy storage is made practical by the high 
heat of fusion of water. One metric ton of water, just one cubic 
meter, can store 334 MJ (317 k BTUs, 93 kWh or 26.4 
ton-hours). In fact, ice was originally transported from moun 
tains to cities for use as a coolant, and the original definition 
of a “ton” of cooling capacity (heat flow) was the heat to melt 
one ton of ice every 24 hours. This is the heat flow one would 
expect in a 3,000-square-foot (280 m2) house in Boston in the 
summer. This definition has since been replaced by less 
archaic units: one ton HVAC capacity=12,000 BTU/hour. 
Either way, a relatively small storage facility can hold enough 
ice to cool a large building for a day or a week, whether that 
ice is produced by anhydrous ammonia chillers or hauled in 
by horse-drawn carts. 
0065. Use in Air Conditioning 
0066. The most widely used form of thermal energy stor 
age technology is in large building or campus-wide air con 
ditioning or chilled water systems. Air conditioning systems, 
especially in commercial buildings, are the most significant 
contributors to the peak electrical loads on hot Summer days. 
In this application a relatively standard chiller is run at night 
to produce a pile of ice. During the day, water is circulated 
through the ice storage system to produce chilled water that 
would normally be produced by the chillers. 
0067 Ice storage systems are often classified as partial or 

full storage. A partial storage system minimizes capital 
investment by running the chillers 24 hours a day. At night 
they produce ice for storage, and during the day they chill 
water for the air conditioning system, their production aug 
mented by water circulating through the melting ice. A con 
ventional ice storage system usually runs in ice-making mode 
for 16 to 18 hours a day, and in ice-melting mode for 6 to 8 
hours a day. Capital expenditures can be reduced because the 
chillers can be sized Smaller to accommodate a smaller need. 
0068 A full storage system provides the complete need 
for cooling during a peak demand. This minimizes the cost of 
energy to run the system by shutting off the chillers entirely 
during peak load hours. Such a system requires chillers larger 
than a partial storage system, and a larger ice storage system, 
so the capital cost is higher. However, ice storage systems are 
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inexpensive enough that full storage systems are often com 
petitive with conventional air conditioning designs. 
0069. There are advantages to air conditioning thermal 
storage. The fuel used at night to produce electricity is a 
domestic resource in most countries, so that less imported 
fuel is used. This process also has been shown in studies to 
significantly reduce the emissions associated with producing 
the power for air conditioners, since inefficient “peaker' 
plants are replaced by low emission base load facilities in the 
evening. The plants that produce this power are often more 
efficient than the gas turbines that provide peaking power 
during the day. And, because the load factor on the plants is 
higher, fewer plants are needed to service the load. 
0070 A new twist on ice storage technology uses ice as a 
condensing medium for refrigerant. In this case, regular 
refrigerant is pumped to ice storage units where it is used. 
However, instead of needing a compressor to convert it back 
in to a liquid, the low temperature of the ice is used to chill the 
refrigerant back in to a liquid. This type of system allows 
existing refrigerant based HVAC equipment to be converted 
to Thermal Energy Storage systems, something that could not 
previously be easily done with chilled water technology. In 
addition, unlike water-cooled chilled water systems that do 
not experience a tremendous difference inefficiency from day 
to night, this new class of equipment typically displaces day 
time operation of air cooled condensing units. In areas where 
there is a significant difference between peak daytime tem 
peratures and off peak temperatures, this type of unit is typi 
cally more energy efficient than the equipment it is replacing. 
0071. Further information regarding thermal storage sys 
tems is found at Thermal Storage and Deregulation by Brian 
Silvetti, PE, and Mark MacCracken, PE. 1998, and Thermal 
Storage System Achieves Operating and First-Cost Savings 
by Edward O'Neal, PE 1999, each of which are incorporated 
herein by reference. 
0072 Air conditioning during summer daytime hours is 
the largest single contributor to a building's energy cost. The 
present invention significantly reduces energy cost by 
enabling energy-intensive cooling equipment to be operated 
during off-peak hours when electricity rates are the least 
expensive, while still providing a cool and very comfortable 
environment for occupants. 
0073. The thermal energy storage system of the present 
invention enables facilities operators to shift the largest por 
tion of a building's electrical load from High-Cost Peak 
Hours to Low-Cost Off-Peak Hours. Other benefits of the 
present invention include those to an owner: 

0.074 Reduces cooling costs by approximately 40 per 
cent by shifting a building's energy demand from on 
peak to off-peak electric times. 

0075 With a partial storage Off-Peak Cooling system, 
engineers can specify chillers at about 50 to 60 percent 
of the previous size, reducing capital outlays. 

0076. The size and cost of air handlers, motors, ducts, 
and pumps can be reduced by about 20 to 40 percent. 

0.077 OPC lowers the relative humidity within a build 
ing and, as a result, occupants feel comfortable even if 
the thermostat is set at a higher, more cost-saving set 
ting. 

0078 Increases a building's load factor so less-expen 
sive energy rates can be negotiated with energy provid 
CS. 
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007.9 The equipment required for the present invention 
can be added to an existing chiller system to increase 
cooling capacity and reduce cooling costs. 

0080. The present invention provides a quantifiable 
return on investment. 

I0081. Hypothetically, on a 600 ton,300,000 square-foot 
building, where the cost of a kW is S10, saving 600 kW 
per month translates to a savings of S6,000. 

I0082 Being constructed of non-corrosive materials, the 
present invention lasts longer than traditional heat 
exchangers. 

0083. Other benefits of the present invention include those 
to the environment and Society: 

I0084. Because the chiller used within the present inven 
tion is about 50 to 60 percent smaller, less refrigerant is 
needed. Because refrigerant escapes from a chiller sys 
tem over time, the smaller chiller of the present mini 
mizing the use of refrigerant benefits the environment. 

I0085 Reduces source-energy consumption by about 8 
to 34 percent, which means that energy providers will 
generate fewer polluting emissions. 

I0086 Reduces emissions and use of dirtiest power 
plants. 

I0087 Increases load factor of generation by about 25 
percent. 

I0088. Delays the need for additional power plants. 
0089. Other benefits of the present invention include those 
to energy providers: 

I0090 The present invention reduces peak electrical 
demand, allowing energy providers to produce more 
electricity at increased efficiencies and avoid costly 
expansion. 

0091. In numerous studies, it has been proven that elec 
tricity is produced and delivered much more efficiently 
during off-peak hours than during on-peak periods. For 
every kilowatt-hour of energy that is shifted from on 
peak usage to off-peak, there is a reduction in the Source 
fuel needed to generate it. While the exact amount of 
savings varies, studies show a range from 8 to 30 percent 
for two of the major utilities studied. The reduction in 
Source fuel normally results in a reduction of green 
house-gas emissions produced by the power plant. 
(Source Energy & Environmental Impacts of Thermal 
Energy Storage, California Energy Commission (CEC), 
P500-95-005, February 1996) 

0092. Increases a utility's load factor. 
0093. In conventional air conditioning system design, 
cooling loads are measured in terms of “Tons of Refrigera 
tion’ (or kW's) required, or more simply “Tons.” TES sys 
tems, however, are measured by the term “Ton-Hours” (or 
kW-h). Realistically, no building air conditioning system 
operates at 100% capacity for the entire daily cooling cycle. 
Airconditioning loadspeak in the afternoon generally from 
2 to 4 PM when ambient temperatures are highest. In a 
typical 100-ton chiller capacity building air conditioning load 
profile during the peak design day, the full capacity is needed 
for only two hours in the cooling cycle. For the other eight 
hours, less than the total chiller capacity is required. The total 
actual Ton-Hr. needed is only 750. A 100-ton chiller must be 
specified, however, to handle the peak 100-ton cooling load. 
0094) “Diversity Factor” is defined as the ratio of the 
actual cooling load to the total potential chiller capacity, or: 
Diversity Factor (%) Actual Ton-Hr/Total Potential Ton-Hr. 
=750/1000. This chiller, then, has a Diversity Factor of 75 
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percent. It is capable of providing 1000 ton-hours when only 
750 ton-hours are required. If the Diversity Factor is low, the 
system's cost efficiency is also low. (The lower the Diversity 
Factor, the greater the potential benefit from a TES system.) 
Dividing the total ton-hours of the building by the number of 
hours the chiller is in operation gives the building's average 
load throughout the cooling period. If the air conditioning 
load could be shifted to the off-peak hours or leveled to the 
average load, less chiller capacity would be needed, 100 
percent diversity would be achieved, and better cost effi 
ciency would result. 
(0095. Full Versus Partial Thermal Energy Storage 
0096. There are any number of control strategies that can 
be utilized to take advantage of the benefit of TES, however, 
there are two basic approaches that define the common limits 
of the system design. The electric rates will determine which 
control strategies are best for the project. When electric rates 
justify a complete shifting of air-conditioning loads, a con 
ventionally sized chiller can be used with enough energy 
storage to shift the entire load into off-peak hours. This is 
called a Full Storage system and is used most often in retrofit 
applications using existing chiller capacity. 
(0097. Ideal Isothermal Analysis 
0098. The invention of the Stirling engine in 1816 was 
well in advance of all pertinent scientific knowledge of that 
time. The first attempt at an analysis of the cycle was pub 
lished in 1871 by Gustav Schmidt. Much as the Otto cycle has 
become the classic Air standard cycle to describe the spark 
ignition engine, the cycle described by Schmidt has become 
the classic ideal Stirling cycle. This is unfortunately mainly 
because the Schmidt analysis yields a closed form solution 
rather than its ability to predict the real cycle; however, we use 
it as a starting point to guide us ultimately to a more realistic 
approach. 
(0099 Consider the Ideal Isothermal model of a Stirling 
engine as shown in FIG. 4. 
0100. The principal assumption of the analysis is that the 
gas in the expansion space and the heater is at the constant 
upper source temperature and the gas in the compression 
space and the cooler is at the constant lower sink temperature. 
This isothermal assumption makes it possible to generate a 
simple expression for the working gas pressure as a function 
of the volume variations. This expression may then be used to 
investigate how different drive mechanisms affect the output 
power. To obtain closed form solutions, Schmidt assumed 
that the Volumes of the working spaces vary sinusoidally. 
0101 The assumption of isothermal working spaces and 
heat exchangers implies that the heat exchangers (including 
the regenerator) are perfectly effective, with a spatial tem 
perature distribution as indicated in the figure above. The 
engine is considered as a five component serially connected 
model, consisting respectively of a compression space c, 
coolerk, regenerator r, heater hand expansion space e. Each 
component is considered as a homogeneous entity or cell, the 
gas therein being represented by its instantaneous mass m, 
absolute temperature T. Volume V and pressure p, with the 
Suffix c, k, r, h, and e identifying the specific cell. 
0102 The starting point of the analysis is that the total 
mass of gas in the machine is constant, thus: 

(0103) Substituting the ideal gas law given by 
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For the assumed linear temperature distribution in the regen 
erator we can show that the effective regenerator temperature 
Tris given by 

0104 Thus given the volume variations Vc and Ve the 
above equation is solved for pressure p as a function of Vc and 
Ve. 

= MR/ Ve VK p = (f Tk" (Th Tk) 
Vrlin(Thf Tk) whive I+ 

0105. The work done by the system over a complete cycle 
is given respectively by the cyclic integral of p dV: 

(iWC dWe 

W = We - We=find Vc + find Ve = f(, + do 

0106. On evaluating the heat transferred over a complete 
cycle to the various cells we find that the cyclic heat trans 
ferred to all three heat exchanger cells is zero. Thus: 
01.07 Qc=We 
0108 Qe=We 

0110 Qh=0 
0111 Qr=0 
0112 This rather startling result implies that all the heat 
exchangers in the ideal Stirling engine are redundant since all 
the external heat transfer occurs across the boundaries of the 
compression and expansion spaces. This apparent paradox is 
a direct result of the definition of the Ideal Isothermal model 
in which the compression and expansion spaces are main 
tained at the respective cooler and heater temperatures. Obvi 
ously this cannot be correct, since the cylinder walls are not 
designed for heat transfer. In real machines the compression 
and expansion spaces will tend to be adiabatic rather than 
isothermal, which implies that the net heat transferred over 
the cycle must be provided by the heat exchangers. This will 
be resolved when we consider the Ideal Adiabatic model in 
the next section. 
0113. The set of pertinent equations is shown in the fol 
lowing table. 

Vrlin(Thf Tk) = MR/ Ve VK p = (f Tk" (Th Tk) 
Pressure 

d. We 
Qe = We = fe at 
Heat transferred 

Oc = WC = f(, a 
Work done 

Vh ve I+ 

W = W - We 

Efficiency 
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0114. In order to solve these equations, one must specify 
the working space Volume variations Vc and Veas well as the 
respective volume derivatives dVc and dVe with respect to 
crank angle D. One of the case studies of this course is the 
Ross Yoke-drive engine for which we have analyzed the vol 
ume variations, thus the above equation set can be solved by 
numerical integration. In 1871 Gustav Schmidt published an 
analysis in which he obtained closed form solutions for the 
above equation set for the special case of sinusoidal Volume 
variations. We continue now with the Schmidt analysis. 
0115 The Schmidt Analysis 
0116. The Ideal Isothermal model, is shown in the follow 
ing table: 

Vrlin(Th/Tk) = MR/ Ve VK p = (f Tk" (Th Tk) 

d. We 
Qe = We = fe at 
Heat transferred 

Oc = WC = fe a 
Work done 

Vh ve T+ 

W = W - We 

Efficiency 

0117 Gustav Schmidt of the German Polytechnic Institute 
of Prague Published an analysis in 1871 in which he obtained 
closed form solutions of these equations for the special case 
of sinusoidal Volume variations of the working spaces with 
respect to the cycle angle D. This analysis was published in 
detail in the appendix of the book by Urieli & Berchowitz, 
“Stirling Cycle Machine Analysis’, Adam Hilger 1984, 
incorporated herein by reference. 
0118 Consider the diagram in FIG. 5 showing the volume 
variations of the compression and expansion spaces (Vc and 
Ve) over a single cycle. Notice the phase advance angle D of 
the expansion space Volume variation with respect to the 
compression space Volume variation: 
0119 The sinusoidal volume variations of the compres 
sion and expansion spaces are respectively as follows: 

I0120 Where Vcl and Vsw represent respectively clear 
ance and Swept Volumes, and D is the cycle angle. Substitut 
ing for Vc and Ve in the pressure equation above and simpli 
fying we obtain: 

where 

C Vic Vik S 
Vrlin(Th/Tk) Vh Vswe ". 

2 T + T + T * 
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0121. In order to simplify the pressure equation one must 
considera trigonometric Substitution of and c as defined by 
the following right-angled triangle: 

C WSwesin C. 
c sin f = - 

2T 

WSwe cos C. WSwc 
c cos = - + 

2 Th 2 Tk 

WSwesin C. Th 
B = tan o 

WSwe cos Cui Th + WSwcTk 

1 WSwe 2 WSWe WSwc WSwc 2 
c = - + 2 cos C. t. 

2 Th Th Tk Tk 

0122) Substituting for B and c in the pressure equation 
above and simplifying 

p = S(1 + b cos(b) 

where 

(i) = 0 + (8 

b = cfs 

0123. The maximum and minimum values of pressure can 
now be evaluated for the extreme values of cos (p: 

MR 
Pmin = 1 a 

MR 
Pmax = 1 - 1 

0.124. The average pressure over the cycle is given by: 

1 2. 

Pnean = 2 O paid 

MR 27, 1 

0.125 From tables of integrals, this reduces to: 

p=/(sV 1-b’) 

0126. This equation is the most convenient way of relating 
the total mass of working gas in the cycle to the more conve 
niently specified mean operating pressure. 
0127. The network done by the engine is the sum of the 
work done by the compression and expansion spaces. Over a 
complete cycle: 

= W = d. We 8 oe - We = I, (p.) 
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-continued 
2F ( di Vc Oc = WC = ? (p.) do 

W = W - We 

I0128. The volume derivatives are obtained by differenti 
ating Vc and Ve above: 

W 1 
to - 2 WSwcSiné 

to 2 Swesin(6+ a) 

I0129. Substituting these and the pressure equation into the 
equations for We and We: 

8 Wo = - 

We = vague? sin(6+ a) 8 2, , 14 best go 

0.130. The solution of these integrals requires the judicious 
use of tables of integrals and is done in the appendix of 
“Stirling Cycle Machine Analysis.” 

I0131 Recently Siegfried “Zig Herzog from Pennsylva 
nia State University presented an alternative derivation of the 
Schmidt Analysis (http://mac6.ma.psu.edu/stirling?; incorpo 
rated herein by reference), which parallels and complements 
the above analysis in that it goes into much more detail 
concerning the Solution of the above integrals. 
I0132) Schmidt Analysis—Equation Summary 
I0133. The Schmidt analysis is done specifically for an 
Alpha type engine. For Beta or Gamma type engines we 
examine the equivalent sinusoidal Volume variations (see 
FIG. 5) to determine the effective Vclc, Vswc, Vcle, Vswe, 
and C. required for this analysis. 

Vc = Volc + Vswc(1 + cosé)f 2 

Ve = Wole + Vs wel + cos(6+ a)f 2 

WC = Oc = It Vswcpmean sinf(v 1 - b2 - 1)/b 

We = Qe = 7. Vswepesin(f6- a)(v 1 - b? - 1)/b 

W = W - We 

n = W / Qe = 1 - Tk | Th 
where 

( Vswesina f Th tanf3 = , , , , , Vswecosa f Th + Vswcf Tk 

1 (...) WSwe WSwc -- ('') 2 W L T, T coso + T 
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-continued 
Vrlin(Th/Tk) 
(Th - Tk) 

Wh WSwe Wole 
* T * T, T. 

I Vic Vik 
F2T + T + T + 

b = cfs 

Pinean MR/(sv 1 - b2) 

0134 Heater and Cooler Simple Analysis 
0135. One can determine an effectiveness of the heater or 
cooler heat exchanger in a similar way to that of the regen 
erator in terms of the following equation: 

0.136 where e is the effectiveness of the heat exchanger 
and NTU is the “Number of 
0137 Transfer Units” (Refer to “Compact Heat Exchang 
ers’, Kays & London, Krieger Pub Co, 1997; incorporated 
herein by reference). Both concepts are described herein at 
Regenerator Simple analysis. Unfortunately, one cannot 
determine a simple relation between the heater and cooler 
effectiveness and the engine efficiency, as with the regenera 
tor. Referring to the temperature profile diagram in FIG. 6 
observes that the non-ideal heater results in the mean effective 
temperature of the gas in the heater space (Th) being lower 
than that of the heater wall (Twh). Similarly the non-ideal 
cooler results in the mean effective temperature of the gas in 
the cooler space (Tk) being higher than that of the cooler wall 
(Twk). This has a significant effect on the engine perfor 
mance, since it is effectively operating between lower tem 
perature limits than those of the heater and cooler walls. Thus 
the Simple analysis of the heater and cooleriteratively deter 
mines these temperature differences using the convective heat 
transfer equations, the values of Qh and Qk being evaluated 
by the Ideal Adiabatic analysis. 
0.138. From the basic equation for convective heat transfer 
we obtain: 

0139 where Q (watts) is the heat transfer power, h is the 
convective heat transfer coefficient, Awg refers to the wall/ 
gas, or “wetted” area of the heat exchanger surface. Tw is the 
wall temperature, and T the gas temperature. In order to 
reduce the units of this equation to the net heat transferred 
over a single cycle Q (joules/cycle) we divide both sides by 
the frequency of operation (freq), thus: 

0140. Where, as shown in the diagram above, the suffix h 
refers to the heater, and the suffix k refers to the cooler. We 
now rewrite these equations to evaluate the respective gas 
temperatures Tk and Th: 

0141. The Simple solution algorithm requires iterative 
invoking of the Ideal Adiabatic simulation, each time with 
new values of Tk and Th, until convergence is attained. After 
each simulation run values of Qk and Qh are available. The 
mass flow rates through the heater and cooler are used to 
determine the average Reynolds numbers and thus the heat 
transfer coefficients in accordance with the methods in the 
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section on Scaling Parameters. Substituting these values in 
the above equations yields Tk and Th, and convergence is 
attained when their successive values are essentially equal. 
0142. The Simple simulation of the D90 Ross Yoke-drive 
engine case study results in the temperature distribution as 
shown below. The mean temperature of the gas in the heater 
space is 59 degrees below that of the heater wall, and similarly 
the mean temperature of the gas in the cooler space is 15 
degrees above that of the cooler wall. This lower temperature 
range of operation reduced the output power from 178 W to 
147 W. 

0143 
0144. The first mathematical theories to describe regen 
erator operation were published in the late 1920s, more than 
100 years after its invention by Robert Stirling. Significantly, 
these and Subsequent theories of regenerator operation are 
based on assumptions which are neither relevant nor appli 
cable to Stirling engine regenerators. In the book “The 
Regenerator and the Stirling Engine' by Allan Organ (John 
Wiley & Sons 1997; incorporated herein by reference) a 
significant step towards “bridging the gap' is made between 
Hausen's celebrated regenerator analysis, widely used in the 
analysis of gasturbine engines, and the unique conditions that 
apply to Stirling engines. 
0145 By definition a regenerator is a cyclic device. On the 

first part of the cycle the hot gas flows through the regenerator 
from the heater to the cooler, and in so doing transfers heat to 
the regenerator matrix. This is referred to as a “single blow'. 
Subsequently during the second part of the cycle the cold gas 
flows in the reverse direction, absorbing the heat that was 
previously stored in the matrix. Thus at steady state the net 
heat transfer per cycle between the working gas and the 
regenerator matrix is Zero. 
0146 The regenerator quality is usually defined on an 
enthalpy basis in terms of a regenerator effectiveness E as 
follows: 

Regenerator Simple Analysis 

actual enthalpy change of gas during a 
single blow through the regenerator 

equivalent maximum theoretical enthalpy 
change in an ideal regenerator 

0.147. However this definition is not amenable to usage in 
Stirling engines. We use an equivalent definition in the con 
text of the Ideal Adiabatic model (http://www.ent.ohiou.edu/ 
~urieli/stirling/simple/htX simple.html; incorporated herein 
by reference), which represents the limiting maximum per 
formance measure, as follows: 

( amount of heat transferred from matrix to gas 
during a single blow through the regenerator 

(i. amount of heat transferred in 
regenerator of the Ideal Adiabatic model 

0.148. The regenerator effectiveness e thus varies from 1 
for an ideal regenerator (as defined in the Ideal Adiabatic 
model) to 0 for no regenerative action. For example, FIG. 7 
shows the cyclic energy-theta diagram of the Ideal Adiabatic 
analysis of the Ross D-90 engine. 
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014.9 The thermal efficiency of the Ideal Adiabatic cycle 
(Suffix 'i') is given interms of the energy values accumulated 
at the end of the cycle by: 

0150. Note from the diagram that Qki is a negative quan 
tity, thus mi=0.627 for the D-90 engine as shown. Notice also 
the significantamount of heat transferred during a single blow 
of the regenerator given by Qri?. Thus for the D-90 engine as 
shown the ratio Qri/Qhi=5.66. 
0151. Now for a system having a non-ideal regenerator, 
during the single blow when the working gas flows from the 
cooler to the heater, on exit from the regenerator it will have 
a temperature somewhat lower than that of the heater. This 
will result in more heat being supplied externally over the 
cycle by the heater in increasing the temperature of the gas to 
that of heater and can be written quantitatively as follows: 

Oh=Chi 30 Ori (1-e) 

0152 Similarly, when the working gas flows from the 
heater to the cooler, then an extra cooling load will be bur 
dened on the cooler, as follows: 

Ok=Cki-Gri (1-e) 

0153. The thermal efficiency of the non-ideal engine 
(without the suffix 'i') is given by: 

0154 Substituting for Qh, Qk, and mi from the above 
equations: 

ni 

(O155 The diagram in FIG. 8 shows a plot of the above 
equation for the specific case of the D-90 engine and shows 
the effect of regenerator effectiveness E on thermal efficiency 
m. 
0156 Notice thatase varies from 1 for an ideal regenerator 
(Ideal Adiabatic cycle) to 0 for no regenerative action, the 
thermal efficiency m drops from more than 60% to less than 
10%. Furthermore, differentiating the efficiency equation m 
with respect to E, and substituting e=1: 

di Ori^ 
= 1 - de le=1 Ohi 

= 5.66 mi for the D-90 Ross Yoke-drive engine. 

0157 Thus, for highly effective regenerators (close to 
e=1) a 1% reduction in regenerator effectiveness results in a 
more than 5% reduction in thermal efficiency m. Furthermore, 
if one has a regenerator that has an effectiveness of 0.8, the 
thermal efficiency has dropped by half to around 30%. This 
not only means a significantly less efficient machine, but one 
that has to have a significantly larger cooler. Obviously we 
need to have a means of determining the actual regenerator 
effectiveness in any specific machine. 
0158 Evaluating the Regenerator Effectivenesse 
0159. We now consider the regenerator effectiveness in 
terms of the temperature profile of the hot and cold gas 
streams with respect to the regenerator matrix. We assume an 
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equal difference in temperature A T on the hot and the cold 
sides, and linear temperature profiles, leading to the definition 
of regenerator effectiveness e in terms of temperatures, as 
shown in FIG. 9. 
0160 Combining the two equations in the figure, we 
obtain: 

1 

1 + 2 (1+ (Th 

0.161. Now from energy balance considerations of the hot 
stream, the change in enthalpy of the hot stream is equal to the 
heat transfer from the hot stream to the matrix, and subse 
quently from the matrix to the cold stream, thus: 

0162. Where Q(watts) is the heat transfer power, h is the 
overall heat transfer coefficient (hot stream/matrix/cold 
stream), Awg refers to the wall/gas, or “wetted area of the 
heat exchanger Surface, cp the specific heat capacity at con 
stant pressure, and rih (kg/s) the mass flow rate through the 
regenerator. Substituting in the effectiveness equation we 
obtain: 

1 
& = 

(1 + () hAwg 

0163 We now introduce the concept of Number of Trans 
fer Units (NTU) which is a well known measure of heat 
exchanger effectiveness, and is defined in the section on Scal 
ing Parameters. 

hAwg 
cpm 

NTU E 

Thus: 

(0164 

NTU 
* = (1 NTU) 

(0165. Notice that the NTU value is a function of the type of 
heat exchanger as well as its physical size. It includes the 
actual wetted area Awg, as well as the actual mass flow 
through the regenerator rih (kg/s). In heat exchanger analysis 
it is more usual to evaluate local heat exchanger parameters in 
terms of fluid property values which are independent of size. 
Thus we define a Stanton number (refer to the section on 
Scaling Parameters) as follows: 

NST=h/(pu cp) 

where p is the fluid density, and u is the fluid velocity, thus: 
rihp uA 
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0166 Where A is the free flow area through the matrix. 
Tables and graphs of empirical values of Stanton number vs. 
Reynolds number are available from heat exchanger texts for 
various heat exchanger types. We use two types of matrices in 
our regenerator analysis woven mesh and coiled annular 
foil (however there is some renewed interest in Spherical Bed 
matrices, consisting of randomly stacked spherical pebbles). 
The NTU value can then be obtained in terms of the Stanton 
number as follows: 

0167. The factor 2 in this equation is unusual, and stems 
from the fact that the Stanton number is usually defined for 
the transfer of heat from the gas stream to the matrix alone, 
whereas the NTU usage in this section is for overall transfer 
of heat from the hot stream to the regenerator matrix, and 
Subsequently to the cold stream. 
0168 Pumping Loss Simple Analysis 
0169. Throughout this analysis we have assumed that at 
any instant the pressure is constant throughout the engine. 
However we find that the high heat fluxes required in the heat 
exchangers in turn requires a large wall/gas, or wetted area 
Awg. This requirement together with the conflicting require 
ment of a low void volume will result in heat exchangers with 
many Small diameter passages in parallel. The fluid friction 
associated with the flow through the heat exchangers will in 
fact result in a pressure drop across all the heat exchangers 
which has the effect of reducing the power output of the 
engine. This is referred to as the “Pumping Loss” and in this 
section we attempt to quantify this power loss. We first evalu 
ate the pressure drop across all three heat exchangers with 
respect to the compression space. Subsequently we can deter 
mine the new value of work done by integrating over the 
complete cycle, and isolate the Pumping Loss term as fol 
lows: 

thus: W = We+ WC = find vc if p - Apdve 
where the summation XEAp is taken over the 3 heat 
exchangers 

thus: W = find Vc +dve- X.A.pd Ve = W. AW 
where Wi is the Ideal Adiabatic work done per cycle and 

AW is the pressure 

drop loss or pumping loss per cycle 

2ft (3 d. We 
thus: AW = Ap; -- d. 6 S O (). Pig 

0170 The pressure drop Ap is due to fluid friction as it 
flows through the heat exchanger sections. Our model has 
assumed one-dimensional flow throughout, however the fun 
damental concepts of fluid friction paradoxically breakdown 
under one-dimensional flow. Newton's law of viscosity states 
that the shear stress t between adjacent layers of fluid is 
proportional to the Velocity gradient (du/dz) in these layers 
normal to the flow direction, as shown in FIG. 10. 
0171 From the equation we see that a Newtonian fluid 
cannot Sustain a shear stress unless the flow is two dimen 
sional. This paradox is bypassed by stating that the flow is not 
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strictly one-dimensional, but rather represented by its mean 
bulk mass flow rate. The dynamic viscosity L is basically a 
measure of the internal friction which occurs when the mol 
ecules of the fluid in one layer collide with molecules in 
adjacent layers traveling at different speeds, and in so doing 
transfer their momentum. 
0172. Over the pressure range of interest the dynamic 
Viscosity L is independent of pressure. Its temperature depen 
dence for the gasses of interest is obtained as in the diagram 
depicted in FIG. 11. (Refer: Bretsznajder, A, 1971, “Predic 
tion of the transport and Other Physical Properties of Fluids', 
International Series of Monographs in Chemical Engineer 
ing, II, Oxford: Pergamon, incorporated herein by reference) 
0173 The frictional drag force F is related to the shear 
stress T as follows: 

0.174. Where Awg is the wall/gas, or wetted area of the heat 
exchanger. 
0.175. In setting up the working expressions to describe 
pumping loss we introduce the concept of a “hydraulic diam 
eter d, which describes the ratio of the two important vari 
ables of a heat exchanger the void volume V and the wetted 
area Awg: 

(0176 The factor 4 is included for convenience. For flow in 
a circular pipe (or a homogeneous bundle of circular pipes) 
the hydraulic diameter thus becomes equal to the pipe internal 
diameter. Substituting in the force equation above: 

0177. We now define a Coefficient of Friction Cfas the 
ratio of the shear stress t to the “dynamic head' (see “Com 
pact Heat Exchangers'. Kays & London): 

Cf = i spu 

(0178 Where p is the fluid density and u is the fluid bulk 
velocity. Thus substituting for t in the force equation we 
obtain the frictional drag force in terms of the Coefficient of 
Friction: 

0179 Under the quasi-steady flow assumption (no accel 
eration or deceleration forces) the frictional drag force is 
equal and opposite to the pressure drop force, thus: 

0180. Where A is the cross sectional (free flow) area. Sub 
stituting for F, the pressure drop A0p is given by: 

0181. Note that A p can be positive or negative, depending 
on the direction of flow. However the second term in this 
equation is always positive, and thus the equation violates the 
momentum conservation principle in the case of reversing 
flow. We resolve this by defining a “Reynolds Friction Coef 
ficient” (Cref) by multiplying the Reynolds Number by the 
Coefficient of Friction as follows: 
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0182. Where N repud/uis the Reynolds Number, defined 
and discussed in the section Scaling Parameters. By defini 
tion, the Reynolds Number is always positive, independent of 
the direction of flow. Thus finally: 

-2Crefuu V 
Ap = - 1 - 

0183 This equation satisfies the momentum conservation 
principle for both positive and reversed flow, since the sign of 
A p is always correctly related to the sign of the Velocity u. 
Since all current empirical data on the Coefficient of Friction 
is presented as a function of Reynolds Number, it is a simple 
matter to convert that data to the required Reynolds Friction 
Coefficient. For example, the Coefficient of Friction vs. Nre 
curves for circular pipes (Moody Diagram) have been in 
widespread use over the past halfa century. These curves have 
been simplified and rearranged in terms of the Reynolds 
Friction Coefficient Crefas depicted in FIG. 12. 
0184 Similar formulations can be done for the various 
heat exchanger and regenerator types of interest. (Refer to 
“Compact Heat Exchangers’, Kays & London). Refer to the 
Spherical Bed type heat exchanger consisting of randomly 
stacked spherical pebbles, currently under consideration for 
regenerators. 
0185. The Simple simulation of the D90 Ross Yoke-drive 
engine case study results in the pressure vs. crank angle plots 
depicted in FIG. 13. The first plot shows the pressure drop 
across the three heat exchangers. Note the relative magnitude 
(as well as the phase) of the regenerator pressure drop with 
respect to those of the heater and cooler. 
0186 The plot depicted in FIG. 14 shows the expansion 
and compression space pressures vs. crank angle. Under these 
conditions the pumping loss is 10.3 W, or about 7.5% of the 
net output power. 
0187 Scaling Parameters 
0188 Forced convection heat transfer is fundamental to 
Stirling engine operation. Heat is transferred from the exter 
nal heat Source to the working fluid in the heater section, 
cyclically stored and recovered in the regenerator, and 
rejected by the working fluid to the external heat sink in the 
cooler section. All of this is done in compact heat exchangers 
(large wetted area to void volume ratio) so as to limit the 
“dead space an acceptable value and thus allow for a reason 
able specific power output of the engine. We find that effective 
heat exchange comes at a price of increased flow friction, 
resulting in the so-called “pumping loss. This loss refers to 
the mechanical power required to “pump' the working fluid 
through the heat exchangers, and thus reducing the net power 
output of the engine. 
0189 When we try to design a machine for a specific 
performance, we find that there are a large number of param 
eters involved which affect the performance-in non intuitive 
ways. The Scaling Parameter approach uses dimensional 
analysis to reduce the number of parameters to a basic set of 
dimensionless Scaling groups, and thus allow experimental 
data to be used in various contexts. This is a standard tech 
nique in forced convection heat transfer analysis and can be 
reviewed in many heat transfer texts. We have based our 
analysis on the book “Compact Heat Exchangers' by Kays & 
London, both the 1955 and 1964 editions. An extremely lucid 
discussion of the basic scaling parameters involved and their 
applicability to the oscillating flow conditions of Stirling 
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engines is found in the book “The Regenerator and the 
Stirling Engine' by Allan Organ (1997), and in particular 
Chapter 3: “Heat Transfer and the Price'. 
0.190 Standard dimensionless scaling parameters for each 
heat exchanger section in the machine, based on a basic 
(exhaustive) set of variables is described as follows (http:// 
www.Sesusa.org/Drz/scaling.html; incorporated herein by 
reference): 
(0191 d the Hydraulic Diameter (m). 
0.192 This variable represents ratio of the two important 
size parameters of a heat exchanger—the Void Volume V and 
the wetted area Awg. It is defined by: 

Awg d 

0193 The factor 4 is included for convenience. For flow in 
a circular pipe (or a homogeneous bundle of circular pipes) 
the Hydraulic Diameter thus becomes equal to the pipe inter 
nal diameter. Note that some researchers (e.g. Allan Organ) 
use the so-called Hydraulic Radius (rh) as their scaling 
parameter. This is simply defined as rh=V/Awg, thus d=4 rh. 
0194 L the working gas dynamic viscosity (Pas). This is 
defined in terms of Newtons Law of Viscosity in the section 
on Pumping Loss. 

0.195 u—the mean bulk velocity of the flowing fluid (m/s) 
0.196 p—the density of the working gas (kg/cu.m) 
0.197 h the convective heat transfer coefficient (W/sqm 
K). This is defined in the section on Heater and Cooler 
Simple analysis. 

0198 k—the working gas thermal conductivity (W/m K) 
0199 cp the working gas specific heat capacity at con 
stant pressure (J/kg K) 

(0200 Reynolds Number (Nre) 

Nire E pud 
il 

0201 This grouping is obtained by considering the ratio of 
the inertial forces to the viscous forces. The value of Nre 
determines the flow regime, whether laminar or turbulent. 
Both the friction factor and the heat transfer coefficient are 
strongly dependent on the flow regime, thus Nre is invariably 
used as the independent variable in the presentation of flow 
friction and heat transfer data. Note that by definition Nre is 
always positive, independent of the direction of fluid flow. 
(0202 Stanton Number (Nst) 

h 
Nst E 

pitcp 

0203 This grouping is one of the two standard methods for 
the presentation of heat transfer by convection. The physical 
significance of Nst is that it can be related to the ratio of the 
convective heat transfer to the thermal capacity of the flowing 
fluid. It has found favor because of the ease in which it can be 
obtained from experimental data. Thus from an energy bal 
ance of a heated (or cooled) fluid flowing through a heat 
exchanger: 
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( = h Awg (Tw-T) = epih (To-Ti) = cppu A (To-T) 

0204. Where: 
0205 Q is the rate of heat transfer 
0206 rin is the mass flow rate 
0207 Awg is the wall/gas, or wetted area 
0208 A is the free flow area (normal to the direction onf 
flow) 

0209. Tw, Tare the respective wall and bulk fluid tempera 
tures 

0210 Ti, To are the respective inlet and outlet fluid tem 
peratures 

0211 Substituting for Nst above we obtain: 

NS1 = (E T Awg A Tw-T 

0212. Thus the value of Nst can be obtained directly from 
the heat exchanger dimensions and temperature measurement 
without reference to the fluid properties. 
0213 “Number of Transfer Units’, or NTU, can be 
defined from the above energy balance equation as follows: 

hA NTU - 8 = Nst 8 
pitcp A A 

0214 NTU is a function of the heat exchanger dimensions 
and as such is not considered a fundamental heat transfer 
grouping in the classical sense. However formulation interms 
of NTU allows a solution in terms of Nst, and thus avoids the 
tedium of extracting the heat transfer coefficient h. This 
approach is used to advantage in the section on Regenerator 
Simple analysis. 
0215 Prandtl Number (Npr) 

Npr ge 

0216. This grouping is obtained from the ratio of the kine 
matic viscosity L= (sq.m/s) (also known as the momen 
tum diffusivity) to the thermal diffusivity D-k/cp (sq.m/s), 
and thus represents the ratio of the viscous to the thermal 
boundary layers. Thus for fluids having a value of Npr close 
to unity the classic Reynolds Analogy can be used to relate 
simply between flow-friction and heat transfer data. It 
involves three fluid properties and is thus itself a property of 
the fluid, and frequently appears in heat transfer data. For the 
range of working gases used in Stirling engines and for the 
temperature range of interest (about 300 to 1000 K), Npr is 
approximately constant at around a value of 0.7. 

12 
Nov. 17, 2011 

0217 Developing the Reynolds Analogy, Organ, in Chap 
ter3 of “The Regenerator and the Stirling Engine', shows that 
one can relate the Stanton Number to the friction factor Cfas 
follows: 

0218. According to Organ, “this vital result is not quanti 
tatively exact, but serves a more valuable purpose than any 
precise formula by confirming the inevitable tie between 
friction factor and Stanton number. It warns against unreal 
istic expectation of increasing heat transfer without penalty of 
increased pumping power.” 
0219 Nusselt Number (Nnu) 

Nu - iii. E k 

0220. This grouping is often used as an alternative to the 
Stanton Number for the presentation of heat transfer data, and 
is usually presented in graphical form in terms of the Prandtl 
and Reynolds numbers (e.g. Kays & London, “Compact Heat 
Exchangers'). It is not an independent grouping, and can be 
defined as a function of the other three dimensionless groups 
as follows: 

0221. In the foregoing, the influence oftemperature on the 
fluid properties is not expressed. Both dynamic viscosity LL 
and thermal conductivity k vary significantly with tempera 
ture. However, since the specific heat capacity cp and Prandtl 
Number Nprare approximately constant over the temperature 
range of interest we see from the definition of Npr that it is 
sufficient to consider the temperature dependence of the 
dynamic viscosity L. 
0222 Ideal Adiabatic Analysis 
0223) An ideal Stirling engine model is one in which the 
compression and expansion spaces were maintained at the 
respective cooler and heater temperatures. This leads to the 
paradoxical situation that neither the heater nor the cooler 
contributed any net heat transfer over the cycle and hence 
were redundant. All the required heat transfer occurred across 
the boundaries of the isothermal working spaces. Obviously 
this cannot be correct, since the cylinder walls are not 
designed for heat transfer. In real machines the working 
spaces will tend to be adiabatic rather than isothermal, which 
implies that the net heat transferred over the cycle must be 
provided by the heat exchangers. We thus consider an alter 
native ideal model for Stirling cycle engines, the Ideal Adia 
batic model depicted in FIG. 15. 
0224 AS before the engine is configured as a five compo 
nent serially connected model having perfectly effective heat 
exchangers (including the regenerator) and in this respect is 
similar to the Ideal Isothermal model defined previously. 
However both the compression and expansion spaces are 
adiabatic, in which no heat is transferred to the Surroundings. 
In the diagram depicted in FIG. 16, we define the Ideal Adia 
batic model nomenclature. Thus we have a single Suffix (c., k, 
r, h, e) representing the five cells, and a double Suffix (ck, kr, 
rh, he) representing the four interfaces between the cells. 
Enthalpy is transported across the interfaces in terms of a 
mass flow rate m' and an upstream temperature T. The arrows 
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on the interfaces represent the positive direction of flow, 
arbitrarily defined from the compression space to the expan 
Sion space. 
0225. Notice from the temperature distribution diagram 
that the temperature in the compression and expansion spaces 
(Tc and Te) are not constant, but vary over the cycle in 
accordance with the adiabatic compression and expansion 
occurring in the working spaces. Thus the enthalpies flowing 
across the interfaces ck and he carry the respective adjacent 
upstream cell temperatures, hence temperatures Tck and The 
are conditional on the direction of flow and are defined algo 
rithmically as follows: 

if inck'>0 then Tick=Tc else Tck=Tk 

if inhe'>0 then The=Thelse. The=Te 

0226. In the ideal model there is no gas leakage, the total 
mass of gas M in the system is constant, and there is no 
pressure drop, hence p is not suffixed and represents the 
instantaneous pressure throughout the system. 
0227 WorkW is done on the surroundings by virtue of the 
varying Volumes of the working spaces Vc and Ve, and heat 
Qk and Qhis transferred from the external environment to the 
working gas in the cooler and heater cells, respectively. The 
regenerator is externally adiabatic, heat Qr being transferred 
internally from the regenerator matrix to the gas flowing 
through the regenerator void volume Vr. 
0228 Development of the Equation Set 
0229. The general approachforderiving the equation set is 
to apply the equations of energy and state to each of the cells. 
The resulting equations are linked by applying the continuity 
equation across the entire system. Consider first the energy 
equation applied to a generalized cell which may either be 
reduced to a working space cell or a heat exchanger cell. As 
depicted in FIG. 17, enthalpy is transported into the cell by 
means of mass flow mi' and temperature Ti, and out of the cell 
by means of mass flow mo' and temperature To. The deriva 
tive operator is denoted by d, thus for example dm refers to the 
mass derivative dim/dO, where Q is the cycle angle. 
0230. The word statement of the energy equation for the 
working gas in the generalized cell is: 

rate of heat net enthalpy rate of work rate of increase 

transfer into + convected done on the + of internal energy 
the cell into the cell in the cell Surroundings 

0231 Mathematically, this word statement becomes 
dO+(cp Ti mi-cp To mo')=d W+cy d(m T) 

0232 where cp and cv are the specific heat capacities of 
the gas at constant pressure and constant Volume respectively. 
This equation is the well known classical form of the energy 
equation for non steady flow in which kinetic and potential 
energy terms have been neglected. 
0233 We assume that the working gas is ideal. This is a 
reasonable assumption for Stirling engines since the working 
gas processes are far removed from the gas critical point. The 
equation of state for each cell is presented in both its standard 
and differential form as follows: 
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0234. The starting point of the analysis is that the total 
mass of gas in the machine is constant, thus: 

0235 Substituting for the mass in each cell from the ideal 
gas law above 

0236 Where for the assumed linear temperature profile in 
the regenerator the mean effective temperature Tris equal to 
the log mean temperature difference Tr(Th-Tk)/ln(Th/Tk). 
0237 Solving the above equation for pressure: 

0238 

0239 For all the heat exchanger cells, since the respective 
Volumes and temperatures are constant, the differential form 
of the equation of state reduces to: 

Differentiating the equation for mass above: 

0240 Substituting in the mass equation above: 
dimc+dme+(dp/R) (VR/Tk+Vr/T+Vh/Th)=0 

0241. We wish to eliminate dmc and dime in the above 
equation so as to obtain an explicit equation in dip. Consider 
the adiabatic compression space (dOc=0) depicted in FIG. 18. 
0242 Applying the above energy equation to this space we 
obtain 

0243 From continuity considerations the rate of accumu 
lation of gas dimc is equal to the mass inflow of gas given by 
-mck', and the work done by dWe is given by p dVc, thus 

0244. Substituting the ideal gas relations p Vc=mc RTc, 
cp-cv-R, and cp?cV-D, and simplifying 

0245 
dme=(p dWe+We dp/) (R The) 

Similarly for the expansion space 

0246. Substituting for dimc and dime above and simplify 
ing 

dp = 

0247. From the differential form of the equation of state 
above we obtain relations dTc and dTe 

0248. Applying the energy equation above to each of the 
heat exchanger cells (dW=0, T constant) and substituting for 
the equation of State for a heat exchanger cell (dim dip m/p= 
(dp/R)V/T): 
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0249 
dOk=Vk dip cv/R-cp(Tck mck-Tikr mkr') 

Thus for the three heat exchanger cells we obtain 

0250 We note that since the heat exchangers are isother 
mal and the regenerator is ideal, Tkr-Tk and Trh=Th. 
0251 Finally the work done in the compression and 
expansion cells is given by 

W=C-e 

d’Eco-e 

dWe=p dVc 

dWe=p dVe 

0252. With reference to FIG. 16, the final set of pertinent 
differential and algebraic equations required for Solution is 
gathered in the Equation Summary following. 

Ideal Adiabatic analysis-equation Summary & method of solution 

p = M Rf (Vc Tc + Vk Tk + Vr Tr+Vh Th+ Vef Te Pressure 

d -yp(dVc FTck + dVef The) 
p = Vc f Tck+ y(Vk/Tk + Vrf Tr+Vh (Th) + Ve/The 

mc = p Vc f (RTc) Masses 
mk = p Vk (RTk) 
mr = p Vrf (RTr) 
mh = p Vh (RTh) 
me = p Ve (RTe) 
mc = (p dVc + Vc dip Y) / (RTck) Mass 
me = (p dVe + Ve dp/ Y) / (RThe) Accumula 
mk = mk dpip tions 
mr = mr dpip 
mh = mh dpip 

mck' = -dimc Mass Flow 
mkr' = mck' - dimk 
mhe' = dime 
mrh' = mhe' + dmh 
if mck' > 0 then Tck = Tc else Tck = Tk Conditional 
ifmhe' > 0 then The = Thelse. The = Te Temperatures 
Tc = Tc (dp/p + dVc Vc - dimc mc) Temperatures 
Te = Te (dp/p + dVef Ve - dime me) 
Qk = Vk dip cv / R- cp (Tck mck'- Tkmkr') Energy 
Qr =Vr dip cv (R - cp (Tkmkr - Th mrh') 
Qh = Vh dip cv / R- cp (Th mrh' - The mhe") 
We = p dVc 
We = p dVe 
W = dW c + dWe 
W = Wic. We 

0253. The Method of Solution 
0254 We now consider the solution of the equation set 
above. Because of the non-linear nature of the equations (in 
particular with regards to the Conditional Temperatures) we 
have to resort to a numerical solution of specific configura 
tions and operating conditions. 
0255. The specific engine configuration and geometry 
defines Vc, Ve, dVc, and dVe as analytic functions of the 
crankangle 0, and the heat exchanger geometry defines the 
void volumes Vk, Vr, Vh. The choice of working gas (typi 
cally air, helium or hydrogen) specifies R, cp, cv, and Y. The 
operating conditions specify Tk and Th, and thus the mean 
effective temperature Tr(Th-Tk)/ln(Th/Tk). Specifying the 
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total mass of working gas M is a problem, since this is not 
normally a known parameter. The approach we use is to 
specify the mean operating pressure pmean and then use the 
Schmidt Analysis to evaluate M. Even though the Ideal Adia 
batic model is independent of operating frequency, we nev 
ertheless specify it in order to evaluate power and other time 
related effects (such as thermal conduction loss in the regen 
erator housing.) 
0256 We notice that apart from the constant parameters 
specified above, there are 22 variables and 16 derivatives in 
the equation set, to be solved over a complete cycle (0=0, 2 
It): 
(0257 Tc, Te, Qk, Qr, Qh, We, We seven derivatives to be 

integrated numerically 
0258 W. p. Vc, Ve, mc, mk, mr, mh, me—nine analytical 
variables and derivatives 

0259 Tck, The. mck', mkr', mrh', mhe' six conditional 
and mass flow variables (derivatives undefined) 

0260 We treat this as a “quasi steady-flow” system, thus 
over each integration interval the four mass flow variables 
mck, mkr, mrh', and mhe' remain constant and there are no 
acceleration effects. Thus we consider the problem as that of 
Solving a set of seven simultaneous ordinary differential 
equations. 
0261 The simplest approach to solving a set of ordinary 
differential equations is to formulate it as an initial-value 
problem, in which the initial values of all the variables are 
known and the equations are integrated from that initial State 
over a complete cycle. The initial value problem can be stated 
in simple terms. Let the vector Y collectively represent the 
seven unknown variables, thus yTcl is the compression 
space temperature, yWe is the work done by the expansion 
space, and so on. Given an initial condition Y(0–0)=YO and 
the corresponding set of differential equations dY=F(0, Y), 
evaluate the unknown functions Y(0) that satisfy both the 
differential equations and the initial conditions. A numerical 
solution to this problem is accomplished by by first comput 
ing the values of the derivatives at 00 and proceeding in small 
increments of 0 to a new point 0 1-0 0--A0. Thus the solution 
is composed of a series of short straight-line segments that 
approximate the true curves Y(0). Among the vast number of 
methods available for solving initial-value problems, the clas 
sical fourth-order Runge-Kutta method is probably the most 
frequently used. 
0262. In order to develop our specific method of solution 
of the initial-value problem, we have presented a case study in 
the MATLAB language involving a large-angle pendulum. 
We do not use the MATLAB built-in functions for solving 
ordinary differential equations, since our method requires 
overloading features not available in these built-in functions. 
0263. Unfortunately the Ideal Adiabatic model is not an 
initial-value problem, but is instead a boundary-value prob 
lem. We do not know the initial values of the working space 
gas temperatures Tc and Te, which result from the adiabatic 
compression and expansion processes as well as enthalpy 
flow processes. The only guidance that we have to their cor 
rect choice is that their values at the end of the steady-state 
cycle should be equal to their respective values at the begin 
ning of the cycle. 
0264. However, because of its cyclic nature, the system 
can be formed as an initial value problem by assigning arbi 
trary initial conditions, and integrating the equations through 
several complete cycles until a cyclic steady state has been 
attained. This is equivalent to the transient "warm-up’ opera 
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tion of an actual machine. Experience has shown that the most 
sensitive measure of convergence to cyclic steady state is the 
residual regenerator heat Qr at the end of the cycle, which 
should be zero. 
0265. The compression and expansion space temperatures 
are thus initially specified at Tk and Th respectively. The 
system of equations can then be solved through as many 
cycles as necessary in order to attain cyclic steady state. For 
most configurations, between five and ten cycles will be suf 
ficient for convergence. 
0266. In December 2005, Siegfried “Zig Herzog from 
Pennsylvania State University presented an Ideal Adiabatic 
Analysis (http://mac6.ma.psu.edu/stirling/simulations/Ideal 
Adiabatic/; incorporated herein by reference) that essentially 
parallels the above analysis. A unique feature of this presen 
tation is that since the Ideal Adiabatic Analysis of necessity 
requires computer analysis, the simulation program that Her 
Zog presents can also be executed remotely on the web. 
0267 Ideal Adiabatic Solution. The D-90 Ross Yoke 
drive Engine 
0268. The 90 cc D-90 engine is fully described in “Making 
Stirling Engines' Andy Ross (1993, incorporated herein by 
reference). Performing an Ideal Adiabatic simulation of the 
D-90 engine under specific typical operating conditions as 
follows 

0269 Mean operating pressure pmean=2 bar. 
0270 (The crankcase is sealed, and the output shaft 
power is obtained by a magnetic coupling. Andy typi 
cally pressurizes the crankcase with a bicycle pump to 
about 2 bar.) 

(0271 Cooler temperature 27 degrees Celsius (300 K), 
and heater temperature 650 degrees Celsius (923 K) 

0272 Operating frequency 50 Hz. (Note that the Ideal 
Adiabatic model is independent of operating speed—all 
results are presented per cycle) 

0273. In order to simulate the engine by means of the Ideal 
Adiabatic model equation set given previously, we require the 
equations for the Yoke-drive volume variations and deriva 
tives Vc, Ve, dVc and dVe (all functions of crank angle 0), as 
well as the void volumes of the heat exchangers Vk, Vr, and 
Vh. 
0274 The cyclic convergence behavior of the Ideal Adia 
batic model is extremely good, and using 360 increments over 
the cycle, the system effectively converges within 5 cycles. 
The convergence criterion chosen is that after a complete 
cycle both variable temperatures Te and Tc must be within 
one degree Kelvin of their initial values. We now consider the 
solution of the temperature variables Tc and Te, the heat 
energy variables Qk, Qr, Qh, and the work energy variables 
We, We, and the network done W. These results are presented 
as plots showing the variation of these parameters with the 
crank angle 0 in FIG. 19. 
0275. In the temperature-theta diagram depicted in FIG. 
20, we observe a large cyclic temperature variation of the gas 
in the expansion space (>100 K), its mean value being less 
than that of the heater temperature of 923 K. Similarly the 
mean gas temperature in the compression space is higher than 
the cooler temperature. This suggests that the adiabatic work 
ing spaces effectively reduce the temperature limits of opera 
tion, thus reducing the thermal efficiency to less than that of 
the Carnot efficiency. 
0276. The energy-theta diagram shows the accumulated 
heat transferred and work done over the cycle. Notice that the 
work done W starts with the (positive slope) expansion pro 
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cess then the compression process, and again returning to the 
expansion process, Thus the total work excursion is almost 15 
joules, however the network done at the end of the cycle is 
only 3 joules. The most significant aspect of the energy-theta 
diagram is the considerable amount of heat transferred in the 
regenerator over the cycle, almost ten times that of the net 
work done per cycle. This tends to indicate that the engine 
performance depends critically on the regenerator effective 
ness and its ability to accommodate high heat fluxes. 
0277 Significantly the energy rejected by the gas to the 
regenerator matrix in the first half of the cycle is equal to the 
energy absorbed by the gas from the matrix in the second half 
of the cycle, thus the net heat transfer to the regenerator over 
a cycle is zero. It is for this reason that the importance of the 
regenerator was not understood for about 100 years after 
Stirling's original patent describing the function and impor 
tance of the regenerator. The Lehmann machine on which 
Schmidt did his analysis was apparently not fitted with a 
regenerator, and it is conceivable that Schmidt did not appre 
ciate its importance. He refers to the textbook by Zeuner as 
containing a “complete, simple and clear theory of air 
engines, but in the same textbook Zeuner decries the use of 
regenerators for air engines (Finkelstein, T., 1959, Air 
Engines in The Engineer part 1, 27 March, incorporated 
herein by reference). 
0278. It is of interest to examine the two components, WC 
and We, which added together gives the network done W. 
These are shown as dashed lines in the diagram depicted in 
FIG. 21. 
0279. Notice in particular that the expansion space work 
done (We) undergoes a vastly different process from that of 
heat transferred to the heater (Qh), however at the end of the 
cycle they have equal values (Qh=We). Similarly for the 
compression space work done (WC) and the heat transferred 
to the cooler (Qk). In retrospect this must be so in order to 
retain an energy balance, however it did catch us unawares 
and surprised us when we first noticed this. The ideal regen 
erator thus behaves as the perfect isolator, isolating the energy 
balance of the heater and expansion space from that of the 
cooler and compression space. Thus for the Ideal Adiabatic 
model over a complete cycle 

Recall that for the Ideal Isothermal model 

0281 Furthermore the Ideal Adiabatic model in itself does 
not give results which are significantly different from those of 
the Ideal Isothermal model. The pressure-volume diagram is 
of similar form, and the power output and efficiency are 
quantitatively similar (albeit the efficiency of the Ideal Adia 
batic model is about 10% lowerfor reasons described above). 
However the behavior of the Ideal Adiabatic model is more 
realistic, in that the various results are consistent with the 
expected limiting behavior of real machines. Thus the heat 
exchangers become necessary components without which the 
engine will not function. The required differential equation 
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approach to Solution reveals the considerable amount of heat 
transferred in the regenerator, indicating its importance in the 
cycle, and provides a natural basis for extending the analysis 
to include non-ideal heat exchangers. Thus the solution of the 
Ideal Adiabatic model equations is equivalent to a simulation 
of the engine behavior in all respects, from setting up the 
initial conditions until convergence to cyclic steady state is 
attained. Throughout this process all the variables of the 
system are available as by-products of the simulation and can 
be used for extending the analysis. Thus for example the mass 
flow rates through all the heat exchangers can be used in order 
to evaluate the heat transfer and flow friction effects over the 
cycle. The work of Kay J M & Nedderman RM (1985) Fluid 
Mechanics and Transfer Processes, Cambridge University 
Press and S. S. Kutateladze and V. M. Borishanskii, 'A Con 
cise Encyclopedia of HeatTransfer, Pergamon Press, 1966 is 
also incorporated herein by reference. 

BRIEF DESCRIPTION OF THE INVENTION 

0282. The present invention is athermally isolated counter 
flowing heat exchanger comprising two isolated fluids having 
different energy levels. Each fluid flows in a contained sys 
tem, Such as a container, Such as coiled tubing, having an inlet 
and an outlet. The isolated systems comprise thermally iso 
lated cells. The isolated fluids flow in opposite directions. The 
cells are separated from each other by fluid heat trap passages. 
The isolated fluid systems are in contact with each other such 
that energy is transferred between the isolated fluids. In an 
embodiment, gates control which cell initially receives the 
wastewater by a signal from a temperature gauge. 
0283. The two or more fluids in a unit of the present 
invention that are totally isolated and exchanging heat 
through counter flowing through thermally isolated cells can 
be almost any fluid, e.g. liquid or gas, which remains inert to 
polymer tubes. Therefore, embodiments exist for other fluids 
than those referenced here. 
0284. Each thermally isolated cell in the present invention 
reaches a thermal equilibrium independent from adjacent 
cells; therefore, as the hot and cold fluids counter flow from 
cell to cell the heat transfer efficiency can continue to increase 
and is only limited by the number of cells and the effective 
ness of the thermal isolation/insulation of the cells. 
0285 Unlike traditional heat recovery devices, the device 
of the present invention is also an integrated thermal storage 
device; therefore, heat can be extracted from it even when a 
hot fluid is not currently flowing into it. 
0286. In an embodiment with a hot fluid, e.g. hot waste 
water or any hot liquid or gas, flowing through multiple 
thermally isolated cells that contain polymer tubes with a 
counter flowing colder fluid is a more efficient heat recovery 
device to operate for both intermittent and continuous fluid 
flows than other traditional heat recovery devices. 
0287. In an embodiment with a hot fluid flowing through 
multiple thermally isolated cells that contain polymer tubes 
with a counter flowing colder fluid, rather than using more 
costly metal tubes or plates, is a more cost-effective heat 
recovery device to manufacture for both intermittent and 
continuous fluid flows than other traditional heat recovery 
devices. 
0288. Due to the circular shape of each insulated cell of the 
present invention, and the intercellular thermal isolation pas 
sages for the flow of the hot fluid between cells, the hot fluid 
is quickly and evenly distributed in a circular flow over the 
coils of tubing and thereby quickly transfers its heat to the 
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counterflowing colder fluid in the coils. The direction of flow 
can be from top to bottom or vice versa; however, flowing 
waste fluid from the bottom creates less pressure. 
0289. Unlike the traditional heat reclamation devices, e.g. 
shell and tube and plate and frame, which rely on the transfer 
of heat from continuously flowing fluids through a continu 
ously thermally connected device containing a typically large 
metallic surface area over which the two separated fluids flow, 
the present invention allows the fluids to flow either continu 
ously or intermittently through thermally isolated and insu 
lated cells—little heat will be lost and heat transfer between 
fluids will continue even while there is no fluid flow. 

0290 Traditional shell and tube or plate and frame heat 
exchangers are typically between 60 and 70 percent efficient, 
whereas, the simplest version of the present invention is over 
70 percent efficient with more sophisticated fluid temperature 
balancing embodiments over 90 percent efficient. High effi 
ciency is accomplished by directing a source fluid to a specific 
cell based upon its current temperature; thereby, making the 
overall heat transfer more efficient. 
0291. The coils of polymer tubing can be manifolded so 
that one or more fluids are flowing through the coils isolated 
from one another and may even counter flow to one another. 
This allows the present invention to transfer thermal energy 
from multiple fluids within one device. Thermal energy can 
be transferred efficiently through the walls of materials other 
than metal. Such as polymer materials e.g. polyethylene, 
polypropylene, nylon, etc. tubing, if there is sufficient time or 
an increased rate of flow of fluids relative to surface area on 
either side of the material. The increased surface area coupled 
with an increased length of time for the heat transfer increases 
the heat transfer coefficient for a material such as polyethyl 
ene as well as other polymers. Thereby, utilizing the cellular 
approach and forced convection, the thermal energy transfer 
rate of the present invention exceeds that of a copper or other 
metal based traditional heat reclamation device. 
0292. The present invention is a system for transferring 
and storing thermal energy comprising a refrigerant circulat 
ing in a tank. The refrigerant flowing into the tank at a series 
of jets located along an exterior wall of the tank and exiting 
the tank at a drain located at a center of the tank. The flow 
from the jets creates a vortex circulation of the refrigerant in 
the tank. The vortex flow of the refrigerant is in contact with 
multiple spaced tubing located inside the tank Such that 
energy from a fluid flowing inside the tubing is transferred to 
the refrigerant causing the fluid to freeze to a solid state and 
energy from the refrigerant is transferred to the frozen fluid 
causing the frozen fluid to return to a liquid State. The tubing 
comprises a Volume expansion space. In an embodiment, the 
flow of the refrigerant in reversed. In an embodiment, the tank 
is insulated. 
0293. The vortex of the system causes the refrigerant to 
flow faster over the tubing such that the energy is transferred 
more quickly. The vortex speed may be varied by the rate of 
introduction of the refrigerant to the tank. The refrigerant rate 
may be varied by a pump speed. 
0294. In an embodiment, the cooled refrigerant is intro 
duced into the tank via jets located at the wall of the tank to 
create a Vortex motion across tubing inside the tank that 
contains a fluid until the fluid is transformed to a solid from a 
transfer of energy from the fluid to the refrigerant. At a given 
time, a non-cooled refrigerant is introduced into the tank in 
the vortex motion across the tubing until the solid fluid (such 
as ice) is transformed to a liquid from a transfer of energy 
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from the refrigerant to the solid. The refrigerant cooled by the 
solid is used for further energy transfer. 
0295) A system for generating energy comprising a hot 
regenerator and a cold regenerator, each independent, dedi 
cated and thermally isolated. The regenerators each con 
nected to counter cycling hot expansion pistons that utilize 
compression of exhausting hot gas as it flows into the cold 
regeneration area to create a Suction effect on the exhausting 
hot gas that adds power to the compression stroke of the 
piston, said pistons connected to a Scotch yolk and a crank 
shaft, said crankshaft turned from the movement of the pis 
tons and providing energy to a kinetic drive. 
0296. As used herein, “approximately’ means within plus 
or minus 25% of the termit qualifies. The term “about” means 
between /2 and 2 times the term it qualifies. 
0297. The compositions and methods of the present inven 
tion can comprise, consist of or consist essentially of the 
essential elements and limitations of the invention described 
herein, as well as any additional or optional ingredients, com 
ponents, or limitations described herein or otherwise useful in 
compositions and methods of the general type as described 
herein. 
0298 Numerical ranges as used herein are intended to 
include every number and subset of numbers contained 
within that range, whether specifically disclosed or not. Fur 
ther, these numerical ranges should be construed as providing 
Support for a claim directed to any number or Subset of num 
bers in that range or to be limited to the exact conversion to a 
different measuring system, such, but not limited to, as 
between inches and millimeters. 
0299 All references to singular characteristics or limita 
tions of the present invention shall include the corresponding 
plural characteristic or limitation, and vice versa, unless oth 
erwise specified or clearly implied to the contrary by the 
context in which the reference is made. 
0300 All combinations of method or process steps as used 
herein can be performed in any order, unless otherwise speci 
fied or clearly implied to the contrary by the context in which 
the referenced combination is made. 
0301 Terms such as “top,” “bottom.” “right,” “left.” 
"above”, “under”, “side' and the like are words of conve 
nience and are not to be construed as limiting. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0302 FIG. 1 is diagrammatical view of an embodiment of 
the invention. 
0303 FIG. 2 is diagrammatical view of an embodiment of 
the invention. 
0304 FIG.3 is diagrammatical view of an embodiment of 
the invention. FIGS. 4-21 are diagrams and charts used to 
illustrate the workings of embodiments of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

0305 As shown in FIG.1, the present invention is a system 
of thermally isolated “cells' where temperature equilibrium 
can occur within each cell through both forced convection of 
moving fluids and with passive convection of Submerged 
coils in liquid. This volume adjusted temperature difference 
defines the work to be performed on the other fluid volume 
and temperature mix. Unlike the traditional heat reclamation 
devices, i.e. shell and tube and plate and frame, which rely on 
the transfer of heat from continuously flowing fluids through 
a continuously thermally connected device containing a large 
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surface area (typically metallic) over which the two separated 
fluids flow. The present invention allows the fluids to flow 
either continuously or intermittently through thermally iso 
lated and insulated cells—heat transfer will continue while 
there is no flow. 
0306 As described in the energy transfer equations above, 
each cell of the present invention achieves a thermal equilib 
rium as the cold fluid moves up in coils through the cells and 
the hot fluid moves down. The equilibrium is impacted by the 
difference of the volume sizes for each of the fluids in the cell 
and by the rate that each fluid flows through the cell. The 
transfer efficiency can be improved by directing the hot waste 
fluid to a specific cell based on its temperature. 
0307 The device of the present invention takes advantage 
of the above mentioned laws of thermodynamics and 
increases its heat transfer efficiency by creating multiple ther 
mally isolated and insulated heat exchange cells within the 
device. Each cell is thermally insulated and allows the hot 
fluid to pass from cell to cell through thermal isolation pas 
sages that close after the hot fluid passes creating a heat 
isolation chamber. Each cell has hundreds of feet of low cost 
polymer tubes that provide a high Surface area for heat 
exchange for the fluid that is counter-flowing through those 
tubes. Due to the circular shape of the cell and its hot fluid 
isolation passages, the hot fluid is quickly and evenly distrib 
uted over the coils of tubing which transfers its heat to the 
colder fluid traveling inside the coils. 
0308 Each cell is thermally isolated from adjacent cells 
and from the outside environment. The present invention can 
thereby support either intermittent or continuous flows of 
fluids. Hot fluids can have temperatures that vary from any 
thing above the incoming cold fluid side temperature to just 
below boiling. More sophisticated embodiments of the 
present invention direct the hot fluid to the appropriate cell 
based upon its temperature. Traditional shell and tube or plate 
and frame heat exchangers are typically between 60 and 70 
percent efficient, whereas, a basic embodiment of the present 
invention is up to 80 percent with more sophisticated embodi 
ments above 90 percent efficient. Key claims are that the 
present invention with a hot fluid, i.e. wastewater, flowing 
through multiple thermally isolated cells that contain poly 
mer tubes with counter flowing cold fluid is both a more 
efficient and a more cost-effective heat recovery device for 
both intermittent and continuous wastewater flow than tradi 
tional wastewater heat recovery devices. 
0309 As shown in FIG. 2, the present invention is a system 
for transferring and storing thermal energy comprising a 
refrigerant 10 circulating in a tank 20. The refrigerant flows 
into the tankata series of jets 30 located along an exterior wall 
of the tank and exiting the tankata drain 40 located at a center 
of the tank. The flow from the jets creates a vortex 50 circu 
lation of the refrigerant in the tank. In an embodiment, the 
flow of the refrigerant in reversed. The vortex flow of the 
refrigerant is in contact with multiple spaced tubing 60 
located inside the tank such that energy from a fluid 70 flow 
ing inside the tubing is transferred to the refrigerant causing 
the fluid to freeze to a solid state and energy from the refrig 
erant is transferred to the frozen fluid causing the frozen fluid 
to return to a liquid State. The tubing comprises a volume 
expansion space 80. The refrigerant is circulated to the tank 
and cooled by a chiller/heat pump 90. In an embodiment, the 
tank is insulated. 

0310. The present invention comprises a thermal heat 
exchanger and thermal storage unit contained in an insulated 
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non-metallic tank that circulates a refrigerant solution over 
fluid filled polymer tubes using jets located along the exterior 
walls and the center of the tank to a return near or at the center 
of the tank, and vice versa, to and from one or more heat 
pumps. The tank may be fabricated from any non-corrosive 
metal or non-metallic Substance. Such as a glass, a polymer, a 
plastic and the like. Polymer substances for the tubes and the 
tank include polyethylene, polypropylene, nylon and the like. 
The refrigerant may be any typically refrigerant, Such as but 
not limited to water, an alcohol, a glycol, and mixtures 
thereof, such as but not limited to water containing 25% 
ethylene glycol. In an embodiment, the refrigerant is ethylene 
glycol and water. Because of the flow of the refrigerant from 
the jets, the refrigerant flows in a vortex in the tank. The fluid 
in the tubes is any fluid that can freeze. Such as water and 
water mixtures. As the refrigerant vortex flows over the tubes, 
the fluid inside the tubes transitions to a solid state, such as 
ice. The tubes comprise pressure relief airspaces at the top of 
the tubes to absorb the expansion and contraction of the fluid 
before and after the phase change to and from a fluid to a solid. 
0311 Key to the invention is the vortex flow of the refrig 
erant over the tubes of fluid/solid. The vortex provides an 
advantage over traditional flow of refrigerants through tubes 
in a tank of water to provide a more uniform and efficient 
cooling of the fluid when cooling the fluid to a solid, and a 
more uniform and efficient cooling of the refrigerant when 
transferring heat to the solid, such as ice. The uniform deliv 
ery of coolingtonnage allows for the system to deliver a stable 
quantity of cooling capacity over time rather than drop off 
significantly in time as with traditional ice storage systems. 
0312 Another advantage of the invention is the more vis 
cous refrigerant is flowing through the tank rather than in the 
Small tubes, such that the dynamic head pressure of the inven 
tion is significantly lower than the traditional approach caus 
ing a large reduction in the energy required to circulate the 
refrigerant. The lower pressure allows for more fluid to be 
circulated per tank ice Volume than in traditional ice storage 
systems. 
0313 The invention can be easily scaled in size and can be 
ganged together to increase capacity linearly. In an embodi 
ment, a single unit of the invention ranges in size from 2.5 
(2'x3' tank) to over 26 ton-hours (3"x7" tank). 
0314. During off-peak rate times and/or at night when 
outside temperatures are lower, a refrigerant is cooled by a 
chiller/heat pump and is circulated through the tank extract 
ing heat until essentially all of the fluid in the tubes is frozen 
solid. In an embodiment where the fluid is water, ice is built 
uniformly throughout the tubes by the vortex flow of the 
refrigerant in the tank flowing over the water filled heat 
exchanger tubes of waterfice. The temperature remains uni 
form throughout the tank and water in the tubes does not 
become Surrounded by ice during the freezing process and 
can move freely to expand while still in the liquid state before 
it transitions to ice, thereby preventing damage to the tubes or 
the tank. The following day, the stored ice cools the circulat 
ing refrigerant from approximately 52°F. to approximately 
34°F. This cooled refrigerant can then be used either partially 
or fully for heat pump cooling or direct cooling of air through 
coils in air handlers or other cooling needs. 
0315. A Full Storage system chiller is used in the present 
invention to store ice during the night. The 32° F. energy 
stored in the ice then provides the required 750 ton-hours of 
cooling during the day. The average load has been lowered to 
53.6 tons (750 ton-hours--14=53.6). The chiller does not run 
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at all during the day, which results in significantly reduced 
demand charges. In new construction, a Partial Storage sys 
tem is usually the most practical and cost-effective load man 
agement strategy. In this case, a much smaller chiller is 
allowed to run any hour of the day. It charges the ice storage 
tanks at night and cools the load during the day with help from 
stored cooling. Extending the hours of operation from 14 to 
24 results in the lowest possible average load (750 ton 
hours--24-31.25). Demand charges are greatly reduced and 
chiller capacity can often be decreased by 50 to 60 percent or 
more. Note that although the building's average 24-hour load 
is 31.25 tons, the chiller's actual capacity is slightly higher 
during the day and lower at night. This is because of the 
chiller's 30 to 35 percent de-rated capacity for ice making (not 
to be mistaken for an efficiency de-rating). 
0316. An example of the system designed for residential 
and Small commercial applications uses water in coiled tub 
ing inside a polyethylene container. A refrigerant is cooled by 
a low temperature heat pump using the less expensive energy 
provided at night, and circulated in the tank over the tubing to 
create ice. The ice is melted during the next day's peak cool 
ing loads to assist in the cooling requirements during the 
expensive daytime electric billing. The present invention 
allows for more efficient pumping as the refrigerant is circu 
lated through the tank, not through the tubing. The tubing 
contain the water allows for more controlled rate of discharge 
of the stored potential ice energy. 
0317. The vortex flow of the refrigerant over the tubes 
containing fluid is opposite the traditional flow of the refrig 
erant through tubes in a tank of water resulting in a more 
uniform, faster and efficient cooling of the fluid (such as water 
to ice) because the faster flow of refrigerant over the larger 
surface area of the waterfice storage tubes will extract heat 
from the water more quickly. The vortex flow of the refriger 
ant over the tubing causes a more uniform, faster and efficient 
cooling of the refrigerant when extracting cold from the ice 
because the faster flow of refrigerant over the larger surface 
area of the waterfice storage tubes transfers heat to the water/ 
ice in the tubes more quickly that that of traditional flow of the 
refrigerant through tubes in a tank of water. The more Viscous 
refrigerant flowing through the tank rather than the Small 
tubing significantly lowers the dynamic head pressure of the 
refrigerant causing a larger Volume of the refrigerant to be 
circulated while reducing the energy required to circulate the 
refrigerant. The more viscous refrigerant flows through the 
tank rather than the small tubes; therefore, the dynamic head 
pressure of the refrigerant is significantly lower than with the 
traditional approach causing the Volume of refrigerant being 
circulated over the tubing to be easily varied to allow for a 
quick and efficient increase or decrease the rate of thermal 
energy transfer. The significantly lower dynamic head pres 
Sure of the refrigerant causes a larger Volume of the refriger 
ant to be circulated thereby reducing the number of ice stor 
age units required to Support the refrigerant flow demanded 
by the chiller/heat pumps. As the thermal energy is trans 
ferred from the refrigerant to the frozen fluid, the solid state 
fluid remaining in the tubing as the fluid returns to a fluid state 
floats to the top of the tubing, but is still in contact with the 
tubing walls which are in contact with the refrigerant circu 
lating over them in the Vortex flow causing a more uniform 
and faster transfer of heat to the frozen fluid than intraditional 
ice storage systems. As the thermal energy is transferred from 
the fluid to the refrigerant in the solid forming cycle (for 
example, water to ice), the ice that forms in the tubing as they 
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cool will float to the top of the tubes and will allow the 
remaining fluid that has not yet solidified to be in contact with 
the tubing walls which are in contact with the refrigerant 
circulating around them in the Vortex flow causing a more 
uniform and faster transfer of heat from the ice/water to the 
refrigerant than in traditional ice storage systems. A major 
departure and improvement from the traditional ice storage 
system is that the present system approach requires much 
fewer tubing connections and those that exist can be less 
costly mechanical connections rather than thermal welds 
because the connections are located in the refrigerant or 
above it where those environments never experience the 
extreme cycles of continuous freezing and thawing. 
0318. The energy required to form the solid and the energy 
required to melt the solid is less than with traditional ice 
storage systems making the present invention a more efficient 
and therefore less costly ice storage system to operate. The 
lower cost of materials, the lower cost of pumps, fewer con 
nections and simplicity to manufacture the present invention 
ice storage system makes it a less costly ice storage system to 
produce than traditional ice storage systems. 
0319. As shown in FIG.3, the present invention is a system 
of thermally isolated cold thermal transfer areas and hot ther 
mal transfer areas where temperature equilibrium can occur 
within each cell through both forced convection of moving 
fluids and with passive convection of Submerged coils in 
liquid. This volume adjusted temperature difference defines 
the work to be performed on the other fluid volume and 
temperature mix. Traditional heat motor devices, (i.e. Carnot 
cycle and various forms of Stirling engines) rely on the trans 
fer of heat from continuously flowing fluids through a con 
tinuously thermally connected regeneration device contain 
ing a large Surface area (typically metallic) over which the 
fluid flows as it moves back and forth between the cold area 
and the hot area. The present invention allows the fluids to 
flow either continuously or intermittently through thermally 
isolated and insulated areas that do not share the same regen 
eration surface; thereby, increasing the effectiveness of the 
heat transfer. Therefore, the heat transfer will be twice as 
efficient and the heat transfer will continue while there is no 
flow. 

0320. As described in the energy transfer equations, each 
hot and cold heat transfer area of the present invention 
approaches a thermal equilibrium. As hot gas is exhausted 
from the associated piston's compression, the gas goes 
through atomizers and moves up over the cold tubes transfer 
area causing the gas to cool and contract. Then, as the cold gas 
continues to move up again through atomizers into the hot 
tubes transfer area, the hot water Surrounding the gas acts as 
a one way valve causing it to expand into the piston and 
produces pressure on the piston powering it to go up. This 
cycle is continuously repeated as the two expansion pistons 
cycle. The cycle is controlled by air release valves that hold 
the air pressure in the piston unit it reaches the extended 
position and then the air is released until the piston reaches its 
lowest position and then the valve is once again closed. The 
pistons cycle up and down on a Scotch yolk as hot gases flow 
from one piston to the other. 
0321. The power produced is a direct function of the size 
of the pistons and the temperature difference between the cold 
and hot heat transfer areas. The pistons transfer their kinetic 
energy to a crank-shaft utilizing a transfer device. Such as a 
Scotchyoke, piston rods, and the like. The crankshaft turns to 
deliver power to either direct drive devices, such as pumps, 
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propulsion drives, etc., or indirect devices. Such as hydraulic 
drive systems, electrical generators, etc. The hot fluid can be 
Supplied by Solar thermal panel(s), waste heat fluid(s), geo 
thermal, other hot fluid Sources and/or any combination 
thereof. The cold fluid can be supplied by geothermal fluid(s), 
cold waste fluid(s), other cold fluid sources and/or any com 
bination thereof. 
0322 Thermal energy is conducted well by metals such as 
copper, platinum, gold, iron, etc. Energy can also be trans 
ferred through the walls of other materials such as polymers, 
Such as polyethylene, polypropylene, nylon, etc., if there is 
sufficient time oran increased rate of flow of fluids relative to 
surface area on either side of the material, thereby utilizing 
forced convection. The increased surface area coupled with 
an increased length of time for the heat transfer increases the 
heat transfer efficiency for polymer materials. 
0323. The present invention takes advantage of the laws of 
thermodynamics and increases heat transfer efficiency by 
creating multiple thermally isolated and insulated heat 
exchange areas within the system. Each cold heat transfer 
area is thermally insulated and allows the hot gas to pass from 
the piston through a thermally isolated water filled cold tube 
area where the cold fluid passing through the tubes may come 
from a ground source, such as a lake, pond, groundwater, well 
water, etc. The water filled area acts as a one way valve 
forcing the gas to go up through a thermally isolated (heat 
trapped) tube to the next heat transfer area. Each hot heat 
transfer area is thermally insulated and allows the cooled gas 
to pass from the piston through a thermally isolated water 
filled hot tube area where the hot fluid passing through the 
tubes may come from a hot fluid source, such as Solar thermal 
panel(s), hot wastewater fluid(s), etc. Each heat transfer area 
has hundreds of feet of non-metallic tubes that provide a high 
surface area for heat exchange for the fluid that is flowing 
through the tubes. Due to the circular shape of the cell, its 
isolation and the thousands of small holes that distribute the 
gas over the coils of tubes, the gas is quickly and evenly 
distributed over the coils of tubing thereby transferring its 
heat to and from the fluid traveling inside the coils. 
0324. The present invention is more efficient than a tradi 
tional Stirling engine by both separating the regenerator into 
two independent, dedicated and thermally isolated hot and 
cold regenerators and by utilizing two counter cycling hot 
expansion pistons rather than using one cold compression 
piston and one hot expansion piston. 
0325 As described in the Ideal Adiabatic analysis and 
Simple Regenerator analysis sections, the present invention is 
more efficient than a traditional Stirling engine by separating 
the regenerator into two independent, dedicated and ther 
mally isolated hot and cold regenerators. 
0326. The present invention is more efficient than a tradi 
tional Stirling engine by utilizing two counter cycling hot 
expansion pistons rather than using one cold compression 
piston and one hot expansion piston. 
0327. The solar/geothermal embodiment of the present 
invention utilizes no fuels other than the Sun and earth's 
ground water to generate electricity or deliver kinetic energy. 
Other embodiments can utilize waste hot and cold fluids to 
generate power. 
0328. The present invention utilizes materials that are both 
inert and highly durable that coupled with the fact that it can 
generate enough power to run simple and reliable pumps 
makes it capable of operating for years without any mainte 
aCC. 
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0329. The present invention can vary in size to accommo 
date various thermal differences of fluid sources or various 
flow rates of fluids to deliver a required power. 
0330. The present invention can be integrated in sets in 
parallel or in series to more efficiently utilize available ther 
mal variations or fluid flow rate variations to deliver the 
required power. 
0331. The present invention utilizes the compression of 
the exhausting hot gas as it flows into the cold regeneration 
area to create a Suction effect on the exhausting hot gas that 
will add power to the compression stroke of the piston. 
0332 The present invention system can be utilized in one 
or more sets of cycling pairs of expansion pistons as indicated 
in FIG. 1 and be used in conjunction with heating and cooling 
systems such as those described above to deliver a complete 
energy package for private or commercial applications. 
0333. In an embodiment with a buried and/or insulated hot 
fluid storage container can allow the system to continue to 
operate when the Sun is not shining, e.g. during the night or in 
cloudy weather. The size of the storage container will directly 
determine the length of the Sun-less operation. 
0334. The present invention regenerators contain atomiz 
ing gas diffusers in the bottom of each heat transfer area Such 
that as the atomized gas flows over the large Surface area of 
the hot fluid coils or the cold fluid coils, there is a more 
efficient transfer of thermal energy to and from the gas than is 
realized in a traditional Stirling engine regenerator. 
0335 While the forms of the invention herein disclosed 
constitute presently preferred embodiments, many others are 
possible. It is not intended herein to mention all of the pos 
sible equivalent forms or ramifications of the invention. It is to 
be understood that the terms used herein are merely descrip 
tive, rather than limiting, and that various changes may be 
made without departing from the spirit of the scope of the 
invention. 

What is claimed is: 
1. A thermally isolated counter flowing heat exchanger 

comprising a first fluid isolated from a second fluid and hav 
ing a different energy level than the second fluid, the first fluid 
able to flow in a first container, said first container comprising 
an inlet and an outlet and at least one thermally isolated first 
container cell, said second fluid able to flow in a second 
container, said second container comprising an inlet and an 
outlet and at least one thermally isolated second container 
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cell; said first fluid flowing in an opposite direction from a 
direction of the second fluid, said first container cells each 
separated by a fluid heat trap passage utilizing a gate that 
controls the flow of the first fluid, said first and second con 
tainers in contact with each other Such that energy is trans 
ferred between the isolated fluids. 

2. The heat exchanger of claim 1 wherein the gate is con 
trolled by a signal, said signal generated from a temperature 
gallge. 

3. A system for transferring and storing thermal energy 
comprising a refrigerant circulating in a non-metallic insu 
lated tank, said refrigerant cooled and flowing into the tank at 
a series of jets located along an exterior wall of the tank and 
exiting the tank at a drain located at a center of the tank, 
wherein the flow from the jets is variable to create a vortex 
circulation of the refrigerant in the tankata given speed, Such 
that when the vortex flow of the refrigerant is in contact with 
multiple spaced non-metallic tubing comprises a volume 
expansion space and located inside the tank, energy is trans 
ferred between the refrigerant and water flowing inside the 
tubing. 

4. The system of claim 3 wherein the refrigerant is cooled 
by a chiller/heat pump and is circulated through the tank 
extracting heat from the fluid until essentially all of the fluid 
in the tubes is frozen Solid during off-peak rate times and, 
during peak rate times, the frozen Solid cools the refrigerant 
which is used at least partially for one of heat pump cooling 
and direct cooling. 

5. A system for generating energy comprising a hot regen 
erator and a cold regenerator, each independent, dedicated 
and thermally isolated, said regenerators each connected to 
counter cycling hot expansion pistons that utilize compres 
sion of exhausting hot gas as it flows into the cold regenera 
tion area to create a Suction effect on the exhausting hot gas 
that adds power to the compression stroke of the piston, said 
pistons connected to a Scotch yolk and a crankshaft, said 
crankshaft turned from the movement of the pistons and 
providing energy to a kinetic drive. 

6. The system of claim 5 integrated in sets in parallel or in 
series. 

7. The system of claim 5 wherein a buried and/or insulated 
hot fluid storage container allows the system to continue to 
operate when the Sun is not shining. 

c c c c c 


