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ABSTRACT
After developing the theory of relativity, Albert Einstein

spent several years working with Leo Szilard on absorption
refrigeration cycles.  In 1930, they obtained a U.S. patent for a
unique single pressure absorption cycle. The single pressure
eliminates the need for a solution pump.  Their cycle has only
recently been rediscovered.  The cycle utilizes butane as its
refrigerant, ammonia as a pressure equalizing fluid, and water
as an absorbing fluid. This cycle is dramatically different in
both concept and detail than the better-known ammonia-water-
hydrogen cycle.

In this study, thermodynamic and mixture property models
of the Einstein cycle were created to gain insight into the
cycle’s operating characteristics and to calculate its per-
formance. A conceptual demonstration model was built and
successfully operated, showing for the first time the viability of
the cycle.

The model results found that the system pressure is an
important design parameter, with the COP having an optimum
when the system pressure is equal to the saturation pressure of
the butane refrigerant. It was also found that for a given system
pressure, there is a maximum condenser-absorber temperature
and a minimum evaporator temperature.

NOMENCLATURE
Symbols
COP Coefficient of Performance
d Diameter (cm)
H Height (cm)
h Enthalpy (kJ)
L Length (cm)
m Mass (kg)
pinch Pinch Point Temperature Difference (K)
Q Heat Transfer (kJ)
T Temperature (�C, K)
x Liquid Concentration
y Vapor Concentration

Subscripts
# State Point as Identified in Figure 1
a Ammonia
b Butane
g Vapor
gi Generator, Internal
l Liquid
v vapor

Superscripts
� Rate
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INTRODUCTION
Over 65 years ago, Albert Einstein and Leo Szilard

obtained a U.S. patent for a pumpless absorption refrigeration
cycle (Einstein, 1930).  This cycle operates with an evaporator,
a combined condenser/absorber, and a generator at a single
uniform pressure. It utilizes butane as a refrigerant, ammonia
as a pressure equalizing fluid, and water as an absorbing fluid.
In the evaporator, the partial pressure on the liquid butane is
reduced by ammonia vapor, allowing it to evaporate at a low
temperature.  In the condenser/absorber, the partial pressure on
the vapor butane coming from the evaporator is increased
when the ammonia vapor is absorbed by liquid water, thus
allowing the butane to condense at a higher temperature.
Liquid butane and liquid ammonia-water are immiscible and
naturally separate.  The ammonia is separated from the water
in a separate generator by the application of heat.  Fluid flow
in the cycle is accomplished with a heat driven bubble pump
and gravity.

In this study a thermodynamic model of the Einstein
refrigeration cycle was created to calculate the cycle’s
performance. Two regenerative heat exchangers not included
in the Einstein patent were added to improve performance.
These are: 1) a generator internal heat exchanger and 2) an
evaporator pre-cooler. The model is based on first principles.
The ammonia-butane and ammonia-water fluid mixture
properties were modeled with the Patel-Teja cubic equation of
state (Patel and Teja, 1981) and fitted to experimental data
using the Panagiotopoulos and Reid mixing rules
(Panagiotopoulos and Reid, 1986).  A simple analysis of the
bubble pump was performed to gain insight into its
performance with respect to the important design variables.

A parametric study was carried out to determine the cycle
performance with changes in: 1) total system pressure with a
fixed condenser/absorber and evaporator temperatures, 2)
generator, condenser/absorber, and evaporator temperatures,
and 3) heat exchanger pinch points.  Finally, a conceptual
demonstration prototype was constructed, charged with masses
of ammonia, water, and isobutane as predicted by the
thermodynamic model and successfully operated. No pre-
viously reported construction and operation of the Einstein
refrigeration cycle could be found in the literature.

CYCLE DESCRIPTION
Figure 1 shows a schematic of the Einstein refrigeration

cycle.  In the Einstein cycle, ammonia acts as an inert gas to
lower the partial pressure over the refrigerant, butane, and
water later provides separation by absorbing the ammonia.

Starting in the evaporator, liquid butane arrives from the
condenser/absorber at point 2. In the evaporator, saturated
ammonia vapor is bubbled into the liquid butane (point 4),
which reduces the partial pressure of the butane. With its
partial pressure reduced, the butane evaporates near the
saturation temperature of its partial pressure and cools itself

and the ammonia, and provides external refrigeration. The
ammonia-butane vapor mixture leaves the evaporator at point
3 and enters the pre-cooler, where it cools the hot vapor
ammonia counter-flowing from the generator (point 5). The
now superheated ammonia-butane mixture flows out of the
pre-cooler at point 6 into the condenser/absorber, which is
being continuously cooled by an environmental heat sink.
Meanwhile, liquid water from the generator is sprayed into the
condenser/absorber at point 9.  With its affinity for ammonia
vapor, this water absorbs the vapor ammonia from the
ammonia-butane mixture. The absorption of the ammonia
vapor increases the partial pressure on the butane vapor to
nearly the total pressure, allowing it now to condense at
butane’s saturation temperature for the total pressure.  Note
that this is higher than butane’s saturation temperature at the
partial pressure in the evaporator.  The butane and the
ammonia water separate due to their respective density
differences and the fact that ammonia-water is immiscible with
butane at the condenser/absorber’s temperature and pressure.
Since liquid butane is less dense than liquid ammonia-water, it
is the top liquid and is siphoned back to the evaporator at point
1. Meanwhile, the ammonia-water mixture leaves from the
bottom of the condenser/absorber and enters the solution heat
exchanger (point 7).  Here, the mixture is pre-heated before
entering the generator.

Inside the generator, heat is applied to the strong
ammonia-water solution driving off ammonia vapor where it
rises and is carried to the evaporator (point 5). The remaining
weak ammonia-water solution is pumped up to a reservoir via
a bubble pump at point 8.  In the reservoir, any residual
ammonia vapor from the bubble pump is sent to the
condenser/absorber (point 8g).  The weak ammonia water
solution falls to the solution heat exchanger (point 8f) where it
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Figure 1  Einstein Refrig erat ion Cycle Schematic
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gives up its heat to the strong ammonia-water solution leaving
the condenser. Finally, the water is sprayed into the condenser/
absorber.

While the overall pressure of the cycle is constant, there
are slight pressure variations within the cycle necessary for
fluid motion.  These are due to height variations and are not
large enough to significantly affect property evaluation.

PROPERTY MODEL
Accurate working property models are available for the

ammonia-water mixtures needed in this study, but none were
found for the required ammonia-butane. Therefore, for
consistency, the vapor-liquid equilibrium thermodynamic
properties of both the ammonia-butane and ammonia-water
mixtures were modeled with the Patel-Teja cubic equation of
state (Patel, 1980) in conjunction with the Panagiotopoulos
and Reid mixing rules (Panagiotopoulos and Reid, 1986).
These mixing rules allow the equation of state to be fitted to
experimental mixture data.  For the ammonia-butane mixture,
the equation of state was fitted to the experimental data of
Wilding, Giles, and Wilson (Wilding et al., 1996).  For the
ammonia-water mixture, the equation of state was fitted to the

experimental data of Gillespie, Wilding, and Wilson (Gillespie
et al., 1987).

Typical property model results for ammonia-butane are
shown on a temperature-concentration plot in Figure 2.  The
pressure in this case is taken at four bars.  Note that the model
shows an azeotrope as well as the appearance of a liquid-liquid
equilibrium.  This liquid-liquid separation disappears at lower
pressures, which agrees with the experimental data.

Figure 3 shows the ammonia-water property model result
on a temperature-concentration diagram.  Again, the pressure
is taken at four bars, and the results agree very well with
experimental results.  A more detailed description of the
agreement between the property models and the experimental
data is given in Delano (1998).

THERMODYNAMIC MODEL
To create a thermodynamic model of the Einstein cycle,

the overall cycle was divided into 5 separate control volumes:
the evaporator, the pre-cooler, the condenser/absorber, the
generator, and the internal generator.  Next, mass conservation
and energy equations were written for each control volume.
Each control volume was assumed to operate under steady state
conditions with no fluid friction.

Figure 4 shows the control volume for the evaporator.
Conserving mass for both the ammonia and the butane found
in the evaporator yields the following equations:

422,a33,a mmxmy ��� ���� (1)

22,b33,b mxmy �� ��� (2)

Conservation of energy for the control volume in Figure 4
yields:

442133evaporator hmhmhmQ ������ ���

� (3)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
250

275

300

325

350

375

400

425

x,y ammonia

T
 (

K
)

Condenser/Absorber

Generator

Figure 3  T-x-y Diag ram for Amm onia-Water, P=4 bar

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
240

250

260

270

280

290

300

310

320

T
 (K

)

Condenser/Absorber

Evaporator

x1, x 2, y ammonia (molar)

P = 4 bar

Figure 2  T-x-x-y Diag ram for Amm onia-Butane

2

3

4

Control
Volume

Qevaporator

Figure 4  The Evaporator



4 Copyright © 1999 by ASME

The pre-cooler (Figure 5) is insulated so that the only heat
transfer occurs between the entering streams and exiting
streams.  Since the conservation of mass will be satisfied
between the evaporator and the condenser/absorber, the only
equation necessary for the pre-cooler is the conservation of
energy.

442163541133 hmhmhmhmhmhm ����������� ������ (4)

In this study, the effect of non-ideal heat exchange is
accommodated simply with the use of pinch points.  One pinch
point is defined between the vapor mixture entering at state
point 3 and the liquid leaving at state point 2. A second is
defined between the vapor mixture leaving at state point 6 and
the liquid entering at state point 5.

3,232 pinchTT �� (5)

5,656 pinchTT �� (6)

In the Einstein refrigeration cycle, the condenser and
absorber are combined into a single component where both
processes occur simultaneously, as shown in Figure 6. Since

63 mm �� � , conservation of mass for the control volume in

Figure 6 yields the following equations:

g83971 mmmmm ����� ���� (7)

g8g8,i33,i99,i77,i11,i mymymxmxmx ����� ��������� (8)

Conserving energy for the control volume in Figure 6
yields the heat transfer from the condenser:

g8g863997711cond hmhmhmhmhmQ ���������� �����

� (9)

In the generator, shown in Figure 7a, ammonia-rich water
arriving from the condenser is heated.  Conserving mass and
energy flow for the generator’s control volume yields:

9g847 mmmm ���� ��� (10)

g8g8,a499,a77,a mymmxmx ���� ������ (11)

    77g8g89955bubpumpgen hmhmhmhmQQ ��������� ����

�� (12)

To account for the generator’s internal heat exchanger,
another control volume is necessary (Figure 7b). Conservation
of mass and energy yield the following equations:
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giv7gil5 mmmm ���� ��� (13)

77,agivgi,agilgi,a5 mxmymxm ���� ������ (14)

 givgiv897799gilgil55 hmhmhmhmhmhm ����������� ������

   
(15)

Finally, to complete the overall thermodynamic model of
the Einstein cycle, the internal heat exchanger in the generator
also requires a pinch point (Delano, 1998):

9,797 pinchTT �� (16)

THE BUBBLE PUMP
To circulate the working fluids without a mechanical

pump, the Einstein cycle relies on a bubble pump.  A bubble
pump is a heated tube (length L and diameter d)
communicating with two reservoirs, one higher than the other
(see Figure 8).  The liquid in the lower reservoir initially fills
the tube to the same level (H).  Heat is applied at the bottom of
the tube at a rate sufficient to evaporate some of the liquid in
the tube.  The resulting vapor bubbles rise in the tube carrying
the liquid above them to the higher reservoir.  The bulk density
of the fluid in the tube is reduced relative to the liquid in the
lower reservoir, thereby creating an overall buoyancy lift.

A model of the bubble pump was created using the conser-
vation of mass, momentum and energy, assuming that the
bubble pump operated in the slug flow regime.  The results of
this model showed the energy requirement of the bubble pump
to be small relative to that of the generator; however, its effect
was still included (Delano, 1998).

CYCLE THERMODYNAMIC PERFORMANCE
The base case for the Einstein refrigeration cycle was

chosen to be ammonia-water-butane at a system pressure of 4
bar, a condenser/absorber temperature of 315 K, an evaporator
temperature of 266 K, and a generator temperature of 375 K.
These were chosen for the following reasons.

The temperature for the condenser/absorber was chosen to
be 43ºC, or 315 K, so that heat could be rejected to ambient
air.  Next, the behavior of the ammonia-butane mixture, shown
in Figure 2, was studied to determine the base case system
pressure and evaporator temperature. As seen in Figure 2, pure
butane at a pressure of 4 bar condenses at 315 K.  The addition
of ammonia allows the mixture to boil as low as 266 K.
Therefore, the base case system pressure was chosen to be 4
bar and the evaporator temperature 266 K.

To determine a generator temperature, the behavior of the
ammonia-water mixture at the system pressure, as shown in
Figure 3, is necessary.  To generate ammonia vapor, the nearly
50/50 ammonia-water mixture flowing from the condenser/
absorber at 315 K is heated, driving off ammonia-water vapor.
Heating the ammonia-water to 375 K reduces the mass
concentration of ammonia in the liquid to under 0.2 and does
not generate too much water vapor.  Therefore, the base case
generator temperature will be 375 K.

Figure 2 shows that at a fixed system pressure, the
characteristics of the ammonia-butane mixture constrains the
evaporator and condenser/absorber temperatures to a minimum
and a maximum respectively.  In the base case, these extreme
temperatures are used producing the maximum temperature
lift.  These temperatures are referred to as the “maximum lift”
condition, where lift is the difference between the condenser/
absorber and evaporator temperatures.

For the base case, the pinch points for both heat
exchangers were assumed to be zero. Finally, all mass flow
rates were normalized to the mass flow rate into the bubble
pump, since this flow rate can be controlled by the heat input.
With ammonia-water-butane fluids and the evaporator,
condenser/absorber, and generator temperatures, zero pinch
points, and the mass flow of the bubble pump, the refrigeration
cycle model base case is fully specified.

To simultaneously solve the large set of nonlinear
equations in both the refrigeration cycle thermodynamic model
and the Patel-Teja cubic equation of state property model, the
software Engineering Equation Solver was used (Klein and
Alvarado, 1997).

Table 1 provides the important results of this base case.
Note that the scaling parameter is the bubble pump mass flow
rate, taken arbitrarily in this case as bpm = 10 g/s.

PARAMETRIC STUDY
A parametric study was carried out to determine the effect

of varying: 1) the system pressure, 2) the temperatures in the
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evaporator, condenser/absorber, and generator, and 3) the
pinch points.

The system pressure was varied while holding the gen-
erator temperature constant and operating at the maximum lift
condition between the evaporator and condenser/absorber. As
the system pressure increases the lift also increases.  This is
due to the increase in the difference between the saturation
temperature of pure butane and the three phase flash
temperature of the mixture with an increase in pressure, as
seen in Figure 9a.

Next, the pressure is varied for a fixed lift condition when
the condenser/absorber temperature is set to 315 K, and the
evaporator temperature is set to 275 K.  As seen in Figure 9b,
increasing pressure causes a decrease in the COP.  At a system
pressure of 5.5 bar, 275 K is the minimum evaporator
temperature, but in the condenser/absorber, 315 K is well
below the maximum condenser/absorber temperature of 327 K.
At a system pressure of 4 bar, 315 K is the maximum
condenser/absorber temperature; however, 275 K is well above
the minimum evaporator temperature of 266 K.  Operating at a
condenser/absorber temperature below the maximum causes a
performance increase over operating at the maximum lift con-
dition, but operating with an elevated evaporator temperature
increases performance more, as seen in Figures 10a and 10b.

As seen in Figure 10a, when the condenser/absorber
temperature is varied from the base case, the COP increases as
the temperature of the evaporator is approached.  Figure 10b

shows that when the evaporator temperature is varied from the
base case, the COP increases as the temperature of the
condenser/absorber is approached.  As the lift decreases, the
cycle expectedly operates more efficiently.  However,
increasing the evaporator temperature increases the COP more
than decreasing the condenser/absorber temperature.

Next, the generator’s temperature is varied while the other
parameters are fixed at the base case.  Figure 10c shows the
variation of COP with generator temperature.  There is a
maximum COP of 0.17 at a generator temperature of 373 K,
but the variation of COP around this optimum generator
temperature is small.  As the generator temperature increases,
the arriving liquid must be heated through a higher
temperature difference. Also, at higher generator temperatures,
the heat required in the bubble pump increases since the fluid’s
water composition is higher. However, with lower generator
temperature, less ammonia is driven from the water before it is
returned to the condenser/absorber.  At 373 K, these effects are
balanced to produce the highest COP.

In the base case, all three pinch points were set to zero.
They were varied to show the effect of heat exchanger
performance on the system performance. Figure 10d shows the
effect of varying each of the three pinch points individually
and then varying all three together.  Pinch (2-3) refers to the
temperature difference between states 2 and 3 on Figure 1.

Table 1  Base Case Results for Pressure = 4 bars

Parameter Value
COPideal 0.57
COP 0.17

genratorQ� 7.09 kW

bubblepumpQ� 0.76 kW

absorber/condenserQ� -9.18 kW

evaporatorQ� 1.33 kW

1m� 3.8 g/s

3m� 8.5 g/s

4m� 4.6 g/s

7m� 14.7 g/s

9m� 9.6 g/s

bpm� 10 g/s

Tevaporator 266 K
Tcondenser/absorber 315 K
Tgenerator, max 375 K
Tgenerator,internal 325.4 K
T4 278.1 K
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As pinch (2-3) is varied, the COPc is unaffected.  In the
evaporator pre-cooler, the largest thermal mass flow rate is the
ammonia-butane vapor stream, which cools both the incoming
liquid butane and vapor ammonia. When pinch (2-3) is
increased while holding pinch (6-1) constant, the temperature
of the exiting ammonia vapor must decrease, and the COPc

remains the same.  Thus, the governing pinch in the pre-cooler
is pinch (6-1).  Increasing pinch (6-1) reduces the COP as
expected since reducing the exiting temperature of this stream
reduces the cooling available for the other two streams.

The performance of the generator’s internal heat
exchanger also affects the performance of the overall cycle.
Increasing the pinch between streams 7 and 9 reduces the
regenerative effect, thereby decreasing the COP of the cycle.
Increasing all three pinches also decreases the COP of the
cycle. However, when the three pinch points are 5 K, the COP
is only reduced by 10 percent.

CONCEPTUAL DEMONSTRATION PROTOTYPE
After creating such a complete analytical model of the

Einstein refrigeration cycle, a conceptual demonstration
prototype was constructed for the purpose of demonstrating the
validity of the cycle.  As shown in Figure 11, the prototype was
constructed by welding together sections of stainless steel
tubing. After completion, the prototype was charged with

masses of ammonia, water, and isobutane (which yields a
higher COP than butane) calculated from the thermodynamic
model for a system pressure of 3 bar, a condenser/absorber
temperature of 21ºC, and an evaporator temperature of -2�C.
The masses were 0.34 kg of isobutane, 0.21 kg of ammonia,
and 0.64 kg of water.

The generator and bubble pump were heated with 300 and
200 watt clamp on tube heaters respectively.  Each heater was
separately controlled by a dimmer switch. The condenser/
absorber was cooled with tap water flowing through a coil of
stainless steel tubing welded into the condenser/absorber. A
pressure gauge placed on the condenser/absorber monitored
the pressure of the cycle.

Before completion of the prototype, the bubble pump was
tested with water in order to determine an estimate for the
liquid flow rate for a given heat input.

Supplying between 150 and 250 watts to the generator and
between 50 and 70 watts to the bubble pump while cooling the
condenser/absorber with 21ºC tap water causes the insulated
evaporator to maintain temperatures as low as -3�C on a steady
state basis.  No attempt was made to optimize the charge or
performance, and no heat or mass flow instruments were used.
The prototype was operated well over 200 hours total.  The
prototype is noiseless during operation.  This demonstrates for
the first time the practical viability of the Einstein refrigeration
cycle.
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CONCLUSIONS
Several conclusions can be gleaned from the Einstein

cycle thermodynamic performance results.  First, at a given
system pressure, there is a minimum evaporator temperature
and a maximum condenser/absorber temperature. The max-
imum condenser/absorber temperature is the saturation temp-
erature of the refrigerant at the system pressure. It was also
determined that the maximum COP is obtained when the
system pressure is chosen to produce nearly pure refrigerant
leaving the condenser/absorber.  In other words, the system
pressure should be selected such that at the desired condenser
temperature, the condenser/absorber is operating at its
maximum possible pressure.

There is an optimum generator temperature with respect
to the COP of about 100�C.  However, performance reduction
due to operation off this optimum from 60�C to 150�C is very
small.

This study considered two regenerative heat exchangers
not included in the Einstein patent:  1) a generator internal
heat exchanger, and 2) an evaporator pre-cooler. The per-
formance of these heat exchangers did not greatly affect the
performance of the overall cycle.  Of the two, the performance
of the evaporator’s pre-cooler affects the cycle’s performance
the most. Therefore, the design of the pre-cooler should receive
more attention than the generator’s internal heat exchanger.

The cycle demonstrates a different approach to achieving
absorption refrigeration without a solution pump.  Compared
to the Platen and Munters ammonia-water-hydrogen diffusion
cycle, the processes appear to be less limited by gas diffusion,
and the cycle offers the option for a wide selection of fluids to
match a wider temperature range of applications. In addition,
the Einstein cycle does not use hydrogen, which is relatively
difficult to contain and is highly explosive.  While the use of

ammonia, water, and butane are not unique in absorption
refrigeration applications (Taylor, 1929), the Einstein cycle’s
configuration decouples the solution loops, and therefore
allows for closer temperature matching. These issues and
several options for improvement in the COP from the base case
values of 0.15 to 0.20 are currently under study.  The objective
is to make this uniform pressure cycle without a solution pump
competitive to ammonia-water two pressure cycles using sol-
ution pumps, which are problematic.
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