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Acoustically Driven Sorption Heat Pump
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Recent years have seen a dramatic rise in global cooling demand, driven by economic growth and
climate change, and resulting in an increasing share of the total electric power consumption. Meanwhile,
the ubiquitous vapor-compression air conditioners use refrigerants, which contribute greatly to global
emission of greenhouse gases. In order to reduce the strain on electric grids, heat-driven technologies
must be developed. Here, an acoustic driven sorption cooling device is examined experimentally and
theoretically. The device can potentially utilize heat or electricity as a power input, uses environmentally
benign working fluids, and offers simple, reliable construction with little to no moving parts. The results
demonstrate the sorption-mediated, time-averaged heat-transfer mechanism, driven by the acoustic field.
An unoptimized, proof-of-concept device is operated using a mixture of atmospheric air and either water
or methanol, with cordierite and zeolite sorbents. The device is able to achieve temperature differentials
> 30°C. Moreover, a coefficient of performance of approximately 3 (based on the acoustic power input) is
achieved at a temperature difference of 10 °C. Theoretical calculations provide an outlook on the operation
of such technology, compared with existing cooling technologies, demonstrating its potential for achieving

high efficiencies. Finally, prospects for further development are discussed.
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I. INTRODUCTION

The demand for cooling, especially air conditioning
(AC), is on the rise, tripling its share of the global energy
consumption worldwide between 1960 and 2016, and pro-
jected to triple once more by 2050 [1]. This increasing
demand is already a considerable strain on energy grids,
and contributes 8% of global CO, emissions—expected to
reach 15% by 2050. The trend of cooling demand growth is
prevalent in hotter countries, especially those undergoing
major economic growth. According to a recent report by
the International Energy Agency (IEA), the number of AC
units worldwide is expected to increase considerably, and
already is, especially in China and India, as can be seen in
Fig. 1 [1]. To accommodate this change, major improve-
ments in the energy efficiency and environmental impact
of AC units are essential [2].

Currently, space cooling is dominated by electricity-
driven vapor-compression devices, which typically utilize
hydrofluorocarbon-based (HFC) or other harmful materials
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as the working fluid, following the ban of hydrochlorofiu-
orocarbons (HCFCs) and chlorofluorocarbon-based (CFC)
refrigerants as part of the agreements reached in the Mon-
treal protocol [3]. Recent ongoing efforts to discontinue the
use of HFCs, which is also a big contributor to global-
warming potential, has seen some success in developed
countries, such as in around 25 states in the USA as part
of the United States Climate Alliance. The progress in try-
ing to combat climate change is encouraging, but stays
limited in developing countries, such as China and India,
where strong economic and social development shadows
the needs of our climate. These materials, harmful to our
planet’s atmosphere, are released when devices using them
are disposed. In fact, the think tank “Project Drawdown”
recently concluded that the phasing out and better han-
dling of these refrigerants is the best course of action for
reducing the amount of CO, equivalents released to the
atmosphere, while generating a significant capital profit
[4]. As a result of this need, various cooling technologies
are currently being investigated as potential replacements.
Such alternative cooling technologies should provide high
efficiency, use nonharmful working fluids, have good scal-
ability, and a small form factor (see the Supplemental
Material for a short summary of existing alternative tech-
nologies [5]).

Acoustically driven cooling, which utilizes acoustic
mechanical power to drive a heat pump, is known
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FIG. 1. Number of household AC units between 1990 and
2050, adapted from data reported by the International Energy
Agency (IEA) [1].

as thermoacoustic refrigeration and has been studied
extensively over the past few decades. Previous stud-
ies have shown that the theoretically achievable efficien-
cies, for standing-wave thermoacoustic systems, can reach
40%—50% of the Carnot efficiency [6] and 57% when using
a traveling-wave device [7]. A standing-wave refrigera-
tor was employed on the space shuttle Discovery, able to
operate at 20% of the Carnot efficiency [8]. While vapor-
compression devices can achieve up to 60% efficiency,
they rely on refrigerants, which increase global-warming
potential, and optimal mechanical compressors in order
to achieve such high efficiencies. Thermoacoustic devices
use environmentally benign gases, eliminating the envi-
ronmental impact caused by refrigerants. Thermoacoustic
devices can be driven using both thermal power—via a
thermoacoustic engine that produces acoustic power from
heat [9], recently shown to be achievable at very low
temperatures [10,11]), or by electricity—using an acoustic
driver. Electroacoustic conversion efficiencies can achieve
very high values when using commercially available lin-
ear alternators [12,13]. Using heat can reduce the strain
on electricity grids, with adsorption and absorption heat
pumps being the more viable options in that category,
as they enable use of waste heat as a power source.
Absorption systems have penetrated the refrigeration mar-
ket where heat is readily available and is cheaper than
electricity, but still face challenges at small scale, due to
cost, complexity and footprint, if continuous operation is
sought [14], making them more appropriate for larger-
scale implementation. Similarly, adsorption-based systems
have yet to find success in heat-driven cooling applications
due to improvements still needed in the characteristics of
adsorbents, as well as system design and control [15].
Herein, we introduce acoustic driven sorption cooling,
which can utilize heat as a power source, uses environmen-
tally benign working fluids, has little to no moving parts
and, as shown, can achieve high efficiencies, potentially
competing with and even surpassing existing technologies,
including vapor compression and sorption-based systems.
The classical mechanism of a thermoacoustic heat pump

relies on the heat transferred between the working fluid and
a solid surface, due to temperature gradients created dur-
ing the acoustic cycle—compression and expansion and
motion; herein, we refer to this mode as conduction-based
thermoacoustic cooling. These systems consist mainly of
an acoustic resonator filled with an inert gas, which sus-
tains a monofrequency acoustic wave driven by an acoustic
driver, such as a linear alternator or a loudspeaker. In it, a
stack of plates (or another form of porous media) is located
at an optimal position along which a heat flux is created
using the thermoacoustic cycle. Usually, two heat exchang-
ers are placed at both ends of the stack. A simple diagram
of such a system can be seen in Fig. 2(a). To date, all such
systems employed the classical thermoacoustic cycle using
various designs based on these components [13,16].

In contrast, the mechanism underlying our proposed
system introduces mass exchange via sorption, offering a
more efficient mode of heat transfer where latent heat is
transferred between the working fluid, a mixture in which
at least one component may undergo sorption, and the
boundary (a sorbent material). We note that, in the gen-
eral context, sorption may refer to either the adsorption
of a gas component onto a suitable solid surface, or the
absorption into a suitable liquid solution. The process is
analogous to the operation of sorption heat pumps, but
instead of using temperature swings to sorb and desorb a
working fluid, an acoustic wave drives a pressure-swing
sorption and desorption cycle. We refer to this as sorption-
based thermoacoustic cooling and its proposed operation
can be conceptualized using a four-step process, as shown
schematically in Fig. 2(b). During the cycle, the fluid
undergoes both compression and expansion while mov-
ing longitudinally back and forth. During the compression
stage, the partial pressure of the sorbing gas increases,
driving its sorption onto the boundary. The parcel is then
displaced as it undergoes expansion, which reduces the
partial pressure of the sorbing gas and allows the release of
the sorbing component from the boundary. The combined
motion and boundary exchange results in a mass flux, gen-
erated by the acoustic field, as previously demonstrated
[17,18] to be a time-averaged product of the velocity and
concentration fields, here depicted by a simplified four-
step cycle. In the present work, we further consider the
heat flux generated along the direction of wave propaga-
tion via the transfer of latent heat that accompanies mass
transfer through sorption and desorption, and its ability
to efficiently function as a heat pump. A proof-of-concept
device is presented in this paper, along with a mathemat-
ical model used to verify its operation and, ultimately, its
projected performance.

II. EXPERIMENTAL SYSTEM

In order to establish an experimental proof of con-
cept for the sorption-mediated heat-pumping mechanism
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(a) Diagram of the experimental system used to demonstrate the sorption, acoustic driven cooling mechanism. (b) Schematic

representation of the sorption-based mechanism that creates a net mass and heat flux along the surface of the stack.

described above, a simple acoustic heat pump is con-
structed and tested. The system comprises an acoustic
driver connected to a closed-ended tube (resonator), in
which the sorbent material is placed (see Fig. 2(a) for a
schematic diagram of the system).

Specifically, the main components of the heat pump
are a stainless-steel tube, 4.5 cm in diameter and 69 cm
in length, attached to an 8” loudspeaker (Polk-Audio 4
Ohm subwoofer, model db840DVC). The solid sorbent
used is a 10-cm-long 600 CPSI (cells per square inch, cor-
responding to square channels size with a spacing of 1
mm) Cordierite honeycomb acting as a “stack” of plates
along which the mass and heat flux flow generated by
the proposed four-step process. The system is driven at
a frequency of 122 Hz, resulting in a quarter wavelength
standing acoustic wave (see Sec. 2 within the Supple-
mental Material for the acoustic characterization of the
system [5]). The stack is located 5.5 cm from the res-
onator’s closed end, corresponding to 0.15 of the quarter
wavelength, a generally favorable position for the opera-
tion of a thermoacoustic heat pump [19]. Thermocouples
are located at both ends of the stack to measure the tem-
perature difference generated along the stack due to heat
pumping. Water humidity sensors are located outside of
the stack, at both ends, allowing measurement of the con-
centration of water vapor (during experiments where water

was used as the primary sorbing species in the gas mix-
ture). A pressure transducer is located at the closed end of
the resonator to measure the absolute mean pressure in the
resonator and the pressure amplitude of the acoustic wave.
Two differential pressure transducers are located near the
loudspeaker, spaced at 2.4 cm apart, to measure the acous-
tic power, E, supplied to the resonator by the loudspeaker
[20]. We note that the presence of the stack located inside
the loudspeaker does not significantly disrupt the acoustic
field (see Fig. S8 within the Supplemental Material [5]).
A heat load is delivered to the system by Nichrome wires
wrapped over the edge of the cold side of the honeycomb
stack. This, along with the acoustic power measurements,
enabled determination of the heat-pump performance in
terms of its coefficient of performance (COP) (see Sec. 2
within the Supplemental Material for more information on
the experimental system [5]).

In order to generate the desired mass flux along the
stack, a concentration gradient of the sorbing species is
necessary. To achieve that, a piece of paper soaked with
the sorbing component (in liquid phase) is placed near the
cold side of the stack. This enforces the vapor pressure to
be close to saturation at the temperature of the cold side,
corresponding with the maximum available vapor con-
centration. At the hot side, a low vapor concentration is
required, and this is enforced by a mesh plug, filled with
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zeolite 13X pellets, which is inserted into the resonator
channel [see schematic illustration in Fig. 2(a)].

We note that our current setup operates in a batch
mode, which is particularly limited by the hot-side sor-
bent tasked with removing material from the system.
Introducing and removing material from the resonator
is required by employing continuous “mass exchangers,”
and poses a future engineering challenge. Potential solu-
tions appear to already exist and we discuss these in
the conclusions section. Nevertheless, the batch opera-
tion employed herein provides a proof of concept of the
proposed method.

The zeolite plug keeps the hot side at a low concen-
tration as long as it maintains some adsorption capacity.
Both the liquid and zeolite plug are not in direct contact
with the stack and so transport of the sorbing component
from one side to the other is primarily due to mass stream-
ing [17]. The main possible bottleneck arising in such a
configuration is diffusion of the sorbing component from
the liquid pool to the cold side of the stack and from the
hot side of the stack to the zeolite plug. Therefore, the dis-
tance between the mass source or sink and the stack is set
at around one acoustic displacement [9].

The main gas mixture used in our experiments is com-
prised of air as the inert component and water as the
sorbing component. Methanol and ethanol are also used,
s0 as to assess the device’s performance with more volatile
liquids, corresponding with higher concentrations of the
sorbing species in the mixture; however, no concentration
measurements are made with these mixtures. In a separate
set of experiments, measurements are made of the temper-
ature difference across the stack, generated at a given COP
set by the acoustic power delivered to the system and the
heat load imposed on the stack. In these, only the air-water
mixture is used so that concentration measurements could
also be made, crucial for a clear understanding of the stages
of the experiment.

I1II. MODEL FORMULATION

To model the transport processes occurring in the sys-
tem, we consider a cylindrical tube of length L and
diameter d where d < L, which acts as the resonator. A
section of the resonator tube is filled with a porous mate-
rial (referred to hereafter as the stack) comprised of closely
packed parallel channels, each with a hydraulic radius
h < d and length L;. The resonator contains a gas mix-
ture with an inert component and a sorbing component,
which is able to sorb and desorb onto the solid surface
of the stack’s channel walls; we denote each component
with the subscripts 7 and r, respectively (see Fig. 3 for a
schematic representation of the model geometry).

In what follows, we consider all model wvariables
as a sum of a time harmonic, oscillating part and a

time-averaged, mean part, via

S = Sm(x) + gl (xay)eiwtz (1)

where £ denotes any oscillating parameter in the system,
with subscripts m and 1 denoting the mean and oscillat-
ing part, respectively. Here, w is the angular frequency of
oscillation, ¢ is the time, and x, y denote the longitudinal
and transverse coordinates, respectively.

A. Reversible sorption under oscillating pressure

The main feature of the system under consideration is
the reversible heterogeneous reaction (sorption and des-
orption of the reactive component) occurring at the bound-
ary, driven by the pressure oscillations of the acoustic
field. Following Weltsch et al. [17], we may write the con-
servation of species equation for the reactive component
as

0Cy + 1y 25 Dazcl ©)
iw Uuy—=D——,
P 9y?

in which C is the concentration, in terms of the molar frac-
tion of the reactive component within the mixture, v is the
oscillating axial velocity, and D is the diffusion coefficient.
To solve this second-order ordinary differential equation
(ODE) for C; in y, two boundary conditions are needed.
The first boundary condition is simply symmetry at the
midplane, y = 0,

oC
-0, y=0. 3)
ay

The second boundary condition is derived from the
reversible reaction at the channel wall, y = &, which we
write as

N, =82 — B0
r = Dgy—— = lwbgv1e
dt :

y=h, “4)
where 6, an oscillating parameter, is the fraction of the sor-
bent capacity, Bs, which is occupied by the sorbed species.
N, is the first-order molar flux of the reactive component at
the boundary, composed of diffusive and convective terms,

. . aC
ay

with N the total molar flux at the boundary and N as the
total molar concentration of the gas mixture. Since no sorp-
tion of the inert species occurs at the boundary, it follows
that N = N, + N; = N, (where N; is the molar flux of the
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FIG. 3. Schematic drawing of the modeled configuration.

inert species), so that

N.D 9Cy
L= L, (6)
1-C, dy
and combining Egs. (4) and (6) results in
aC iw(l — Cy,
it = MBSQI_ (7)
ay DN,

Assuming first-order kinetics, the sorption at the boundary
may be expressed as

de
B = kacp (1 — 0) — ka0, (8)

where p is the pressure in the gas mixture, and k,, k; denote
the adsorption and desorption rate constants, respectively.
Since C and p are assumed to be time-harmonic oscillat-
ing functions [see Eq. (1)], assuming By and K = k,/ky,
where the equilibrium coefficient, K, is a weak function of
temperature, we have the following solution for 6:

KCpm
m — — 9
14+ KC,pm ©)
K(C, Cipm)(1 =6,
6, — (Cop1 + Cipm)( )’ (10)

1 + KCy Py, + Bt}

where f,f = iw/k,. The solution for 6,, recovers the classi-
cal form of the Langmuir adsorption model [21]. Plugging

Eq. (10) into the boundary condition, Eq. (7), and solv-
ing Eq. (2) yields, after some algebra, the solution for the
oscillating concentration field,

C,(1 —H, 1 — ScH, — (1 — Hp)
C=- ( D)pl +1i D
PmllD Ay wF\, (1 — Sc)
dcC,,
Ui, 11
X dx 1 (11)

where Sc is the Schmidt number. Here, the parameter 7,
embodies the effect of the sorption kinetics,

N,y (1 = F)(1 + KCppm + Bst2)(1 + KCp
bt =P+ + BE2) (1 + KCop)

BS (1 - Cm)pm
(12)

in which n = D, v. We note that U; (x) is the volumetric
flow rate and 4y = €4 is the cross-section area of the gas,
in which € is the stack porosity and A4 is the total cross-
section area. The function H,(x,y) and its cross-section
average, F,(x), has previously been derived for different
pore geometries [22] and can be used when solving the
thermoacoustic equations, such as ours, with no additional
physical assumptions. To match our experimental system,
which uses a stack with square channels of size 24 x 24,

044044-5



ARIEL VARDI-CHOUCHANA and GUY Z. RAMON

PHYS. REV. APPLIED 16, 044044 (2021)

these functions are of the following forms:

= s Z sin?(mmy /2h)

, (13)
2 2
T m,odd mJn’m
1 ("t 64 1
F,=— H,dxdy = — , 14
| [ i = 53 a9
2.2
T m
s 1 , 15
m + 772 (15)

where
T, = hyo/n

is a dimensionless parameter representing the ratio of
characteristic time scales representing the acoustic oscilla-
tions and viscous, conductive and diffusive transport across
the channel, represented by n = v, k, D, respectively. We
note that for a different choice of sorption model, n will
change its form. The case derived here is an extension of
the model used by Weltsch e al. [17], recovered in the
limit of 8 « 1 of the current model. Assuming an infi-
nite capacity of the sorbent recovers the case of simple
phase change—evaporation and condensation from and to
a liquid film, first considered by Raspet ef al. [23].

B. Heat and mass flux

The nonlinear interaction of oscillating fields can gener-
ate nonzero time-averaged quantities, commonly referred
to as “steady streaming.” In our case, the oscillating veloc-
ity field and the oscillating temperature and concentration
fields generate a time-averaged heat and mass flux along
the sorbing boundary, respectively. This heat flux is the
most essential feature for the function of the heat pump
described in this work. In general, the streaming flux can
be written as ~ Re [(f]lél)], a time-averaged, second-order
transport quantity, in which Re denotes the real part of a
complex quantity and the tilde is the complex conjugate.
Accordingly, we write the reactive component’s mass flux
i and the total power flux H as [24]

1 . dCy,
= SM;N,, (Re [(T:C)] —DE> . (16)

and

o1 - dlwm | .
H = 3 pneyW (O Th)] — (4 kr + Ak) — Tt
(17)

in which ¢, is the adsorption enthalpy of the reactive com-
ponent, kr and k, are the thermal conductivity of the fluid

mixture and solid sorbent, respectively, M, is the molar
density of the reactive component, p,, is the mean density
of the gas mixture, ¢, the constant-pressure heat capacity
of the gas mixture, and 4s = (1 — €)4 is the cross-section
area of the solid sorbent. Substituting the solutions for U,
T, [19,24],

iAr F, d]
==L (18)
wp,  dx
H, i dT, H, — PrH,
T = Ui (19)

+ -
,omcl,,p1 wAy dx F,(1—Pr)

and C; into Eqgs. (16) and (17) and performing some alge-
braic manipulations, we derive two ODEs for C,,(x) and
Tn(x),

dCm .
dx
1 Cm U F, *ﬁv - (1=Cw)
IS RE [nl_ﬁl ( F )] = M N
1 U1 2 7 _m(F ’
4D+ § Qs m [Fu(1 4+ S¢) = I (Fy — F)|
(20)
1 7 Fo+PtFy . a
oo (sizp)] o

D Uk + Ak + L melr

2 dro PR [Fa +PiFs ]

21)

in which Im denotes the imaginary part of a complex
quantity and Pr is the Prandt] number.

C. The acoustic field

The final component of the model is the acoustic
field—the oscillating pressure and velocity. The acoustic
wave equation was previously derived [24], accounting for
the presence of a reactive and inert species in the working
fluid and a sorbing boundary. Written as separate first-
order ODEs for the pressure p;(x) and the cross-average
oscillating volumetric flow rate U, (x),

dpl 1P

@ _ Ui, 22
p e 1 (22)

dU, A —1 w1 —F

et R A} l—Fay + < D

dx Pm V4 1_Cm D
Ui | Fo—F, 1dT, 1-F —0—=Fp)

F,| 1=Pr T, dx 1 —Sc

1 dC,

— . 23
“1-¢, dx} 23)
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The thermoacoustic Egs. (21)~+23), describing the acous-
tic field and the time-averaged temperature distribution
in the stack, are derived from the conservation equations
for mass, momentum, and energy in the fluid mixture.
They are the result of an asymptotic expansion within the
framework of the long-wavelength approximation, which
is employed to first order in the oscillating quantities. For
conciseness, the derivation is left out of this paper, but we
refer the interested reader to Ref. [24].

D. Solution methodology

The model consists of four coupled ODEs for the pres-
sure, velocity, temperature, and concentration, namely Eqs.
(20)y+23), for py, Uy, T, C, as functions of x. Here,
we describe the solution methodology applicable to a
standing-wave acoustic field driving a heat pump. As such,
it involves solving an initial value problem, using a shoot-
ing method to enforce physical conditions that match the
experimental results. We designate both H and 7z as input
constants, e.g., H is the constant cooling power pumped
from the cold side of the stack and removed via a heat
exchanger at the “hot” (ambient) side. Similarly, m is a
constant defined as the rate of mass of the reactive compo-
nent pumped from the cold side of the stack, and removed
in the hot side. The mass flux 7z can be solved for using
known boundary values for the concentration of the “reac-
tive” species at both sides of the stack using a shooting
method. It is further assumed that the variations of temper-
ature and concentration occur primarily within the stack,
and can be neglected in other sections of the resonator.

The system of equations is solved numerically using a
fourth-order Runge-Kutta routine implemented in a MAT-
LAB code, along with a shooting method, with the follow-
ing initial values:

p1(0) = pa,
U1(0) =0,
Tm (0) = 1Lm,hot,

Cm (O) = Cm,hot:

where p, is the amplitude of the oscillating pressure.

The concentrations imposed on the system edges are
set as the saturation concentration of the reactive com-
ponent at the cold side and zero concentration in the hot
side, i.e., C,,(0) = 0 and C,, (L) = Cp, sat, respectively, and
we target the solution for the mass flux that permits these
constraints; such boundary conditions constitute “ideal”
mass exchanged at the edges. Moreover, to enforce res-
onant conditions in the quarter-wavelength resonator, we
set p1(L) =0, which is the pressure oscillation at the
location of the speaker, and solve for this boundary by
shooting on the prescribed frequency by the loudspeaker.
The parameter 77 = iw/k, in Eq. (12) is neglected when

seeking a solution since k; > w. The solutions are cal-
culated using a value of 7, = tp = 3.3, which is chosen
as such as to permit the interaction of most of the vol-
ume of gas in each pore with the sorbing plate during
each oscillation, which increases the overall efficiency of
the system. This value is achieved by changing the pore
hydraulic radius 4. Moreover, the gas properties at step x
are calculated using the temperature at the previous step
of the solution 7,,(x — Ax) so as to decrease the sensitiv-
ity of the solutions to the overall mean temperature for all
parameters.

IV. RESULTS AND DISCUSSION

A. The mass flux increases the achievable temperature
difference

The typical time evolution of the temperature and con-
centration (of water vapor) can be seen as individual
measurements at the hot and cold side (Fig. 4) and as
the difference across the stack (Fig. 5). As soon as the
acoustic driver is turned on, the temperature difference
across the stack develops—the temperature of the cold

40

30 r
Mass sink
20 E active

Mass sink 1
inactive ]

Tm (°C)

0.02} /

— Hot side
— Cold side

0.00 : ‘ : '
0.0 0.5 1.0 1.5 20 25 3.0

t (h)

FIG. 4. Representative experimental run, showing the time
evolution of the temperatures 7, (in the hot and cold side of the
stack) and the molar fraction of the sorbing species C,, (water).
The temperature difference is higher when the mole-fraction dif-
ference between the hot and cold side is negative, driving a mass
flux from the cold to the hot side. This negative concentration
difference is maintained as long as the zeolite plug, acting as the
mass sink, is active.
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FIG. 5. The temperature difference, AT, and the concentra-
tion difference, AC,, as a function of time during operation of
the experimental device, as seen in Fig. 4 with an acoustic wave
at f = 122 Hz, Qcooling = 0 W, and p,, = 1 bar, E=1 W, in
a quarter-wavelength resonator with air as the inert gas. Two
stages of operation are identified when allowing the use of an
active mass sink, where all experiments, with and without an
active mass sink, converge to the same temperature differential
when the mass sink is inactive.

side decreases, while at the hot side it increases. Consid-
ering later times during the experiment, and the measured
concentrations, two stages of operation may be identified.
During the first stage, vapor is acoustically pumped from
the cold side, where saturated conditions are maintained
by the liquid pool, to the hot side, where the vapor sink is
present. During this stage, mass is transported down the
concentration gradient—this is manifested as a negative
concentration difference (see bottom panel of Fig. 5). We
refer to this stage as one where the mass sink is active.
As the experiment progresses, the zeolite sink gradually
saturates and the concentration at the hot side increases
and eventually surpasses the concentration in the cold
side—the gradient is flipped and becomes positive. We
mark this as the inactive sink stage, which returns the sys-
tem back to the classical conduction-based thermoacoustic
mechanism [see, again, Figs. 2(c) and 5].

The experiments described are performed without a
heat load applied to the system. Therefore, the tempera-
ture difference along the stack, AT, will eventually reach
a constant value that reflects its highest possible value,
where H = 0. If the mass flux is generated in the desired
direction (from a cold source to a hot sink), we expect an

increase in the temperature difference due to the term ),
in Eq. (17), the additional latent heat of adsorption trans-
ported along the stack. This is indeed seen during the first
stage, which is then followed by a decrease in AT, until a
new steady state is reached. This characteristic “hump” in
AT, is maintained as long as AC,, is negative and rel-
atively constant, and then declines as the concentration
difference decreases and then changes sign, at which point
the temperatures in the hot and cold side, as well as the
corresponding concentrations (which are now the satura-
tion concentrations) reach constant values. This constant
AT, is lower since there is no additional mass flux carry-
ing the latent heat—at this stage, m = 0, the same as the
enthalpy flux [17].

This connection between AT,, and AC,, can be fur-
ther understood through Eqgs. (20) and (21). The lower the
concentration gradient, the higher the mass flux along the
stack, which accordingly increases the heat flux. To fur-
ther illustrate this point, experiments are carried out with
the zeolite in the plug already saturated with water vapor,
making the vapor concentration a function of the temper-
ature alone. This results in a more rapid increase of AC,,,
which again reaches a limiting value, with a corresponding
AT,—identical to the value reached in the second stage of
the “regular” experiments.

The experiments are very reproducible, as can be
seen in Fig. 6, which shows the measurement range for
three experiments performed under three different pressure
amplitudes. Furthermore, in these plots the time depen-
dency is removed, instead showing the corresponding val-
ues of AT, and AC,, at each point in the experiments.
Furthermore, in order to test the validity of our derived
model, calculations are made based on the actual exper-
imental conditions, with theoretical predictions showing
good agreement with the experimental results (see Sec. 3

35‘ T T T T

— Experimental
=== Theoretical

30t p, =3500 (Pa)
25
20
15
10

AT, (°C)

p, = 1500 (Pa)
5 L ]

0.000 0.005 0.010

AC, (-)

0 L L
-0.010 -0.005

FIG. 6. Mean and standard deviation of experimental mea-
surements made at f = 122 Hz and P,, = 1 bar, demonstrat-
ing the connection between the molar fraction and temperature
difference in the stack. Dotted lines show the model calculation.

044044-8



ACOUSTICALLY DRIVEN SORPTION HEAT PUMP

PHYS. REV. APPLIED 16, 044044 (2021)

within the Supplemental Material for more details on these
calculations [5]).

B. A higher concentration of the reactive species
improves performance

Theory predicts an increased mass flux as C,,, the mean
concentration of the sorbing species, is increased [see Eq.
(20)]. In order to test this, experiments are performed using
methanol (MeOH) as the sorbing species, since it is much
more volatile than water. In fact, the water concentration
at the cold temperatures reached in our experiments is very
low (C,, =~ 0.02), which is far from optimal. Indeed, exper-
iments with MeOH show a clear improvement in the A7,
achieved, as seen in Fig. 5 (note that these experiments
did not include concentration measurements). The tem-
perature “hump” seen for MeOH illustrates the different
characteristics of the operation—a sharper, faster increase
in AT,,; however, the decline is also faster, presumably
due to a faster mass flux, which saturates the zeolite plug
faster, rendering it inactive quicker. At the same acous-
tic power, AT,, = 32.5°C is measured when MeOH is
used, compared with AT, = 18 °C when no mass flux is
present, illustrating the much better performance of the
adsorption-based operation, compared with the “classi-
cal,” conduction-based thermoacoustic heat pump. A sim-
ilar, consistent improvement is also observed when using
ethanol as the sorbing species (see Fig. S5 within the Sup-
plemental Material [5]). The impact of having a higher
molar fraction of the “reactive” species in the mixture
may be understood more intuitively by re-examining the
schematic representation of the heat-pumping mechanism
shown in Fig. 2(b). A higher molar fraction of the sorb-
ing component results in larger oscillations in its partial
pressure, inducing a bigger net change in the sorbed and
desorbed mass to and from the sorbing boundary, since the
concentration is related to the partial pressure via p, = CP,
as also manifested by Eq. (10).

C. Measured heat-pump performance

The performance of a heat pump is conventionally quan-
tified through its coefficient of performance (COP), defined
as the ratio of the heat flux removed from the system
(the heat load, or cooling power) and the power input,
which is here taken as the acoustic power input, so that
COP = Qcoo1/E. The COP, a measure of efficiency, gen-
erally decreases as the temperature difference increases. In
order to assess the COP of our system, another set of exper-
iments is conducted, with water-air mixture, in which a
heat load is delivered to the cold side of the stack, and the
acoustic power delivered to the system is measured (see
Fig. S1 within the Supplemental Material for setup visual-
ization [5]). The applied heat load represents the cooling
power the heat pump is able to pump against the tem-
perature gradient. In these experiments a given, constant

20
+ E=1W
15 i E=05W]
8 10 ' !
g L X
3 e
50 L]
0 1 L 1 1 1
0 1 2 3 4 5
COP
FIG. 7. The temperature difference generated by the system,

at a given, imposed coeficcient of performance (COP) of the
experimental system, at f = 122 Hz and p, = | bar with a
water-air mixture. The heat load, applied through the nichrome
wire, changes the COP measured at each acoustic power, E, and
the maximum temperature difference achieved is measured. Each
point represents the mean of the set of experiments, with error
bars representing the range of data for each point.

amount of acoustic power is provided, the hot side of the
stack remains constant at around 40 °C, while the cold-
side temperature increases as the cooling power (heating
up the cold side) is increased. For each data point, the
cooling power is varied at a given acoustic power, and the
resulting temperature difference maintained by the system
is measured (see Fig. 7). Using 1 W of acoustic power we
could achieve a COP of 2, pumping 2 W of heat against
a 15°C temperature difference, which is around 10% of
Carnot’s efficiency. The COP is equivalently measured for
the case when the mass sink is inactive, returning to the
classical operation of thermoacoustic cooling. The values
for the COPs using this type of operation are much lower
for the same temperature difference (see Fig. S9 within the
Supplemental Material [5]).

D. Projected coefficient of performance

To better understand the experimental results and, to
probe the potential performance of the proposed technol-
ogy, calculated projections are made using the theoreti-
cal model with the geometry and working parameters of
the experimental system (which is unoptimized). This is
particularly interesting since the current experiments are
merely a proof of concept and so the measured perfor-
mance is likely far below the true potential. In order to
probe the potential performance, we opt to perform a sen-
sitivity analysis on one of the t, values, which can be 7,
7,, and tp. Careful consideration should be made when
optimizing them concurrently, as they are interrelated. For
the sake of simplicity, a simple sensitivity analysis of 7,
is made, without consideration for the other two, and was
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chosen to be 7, = 3.3, just as is chosen for our experi-
mental design, keeping all parameters constant. While the
system is unoptimized, therefore not fully reflecting its
potential, it is worthwhile to note that our theoretical cal-
culations neglect features likely to be present in a fully
functioning system, which would reduce performance.

Much like the experiments, the COP is calculated as the
ratio between the cooling power 4 = — Q001 and the acous-
tic work input to the system £ from the acoustic driver. The
efficiency of conversion from electric to acoustic power of
the driver is not taken into account explicitly in the cal-
culations as we are mainly interested in the COP of the
studied mechanism of adsorption-based thermoacoustic
refrigeration. We note, however, that the electricacoustic
efficiency may be tuned, at a given frequency, to provide
high efficiencies, up to and sometimes exceeding 90%,
using commercially available linear alternators [26].

Using the full model, numerical calculations are per-
formed for the COP and the relative COP (scaled against
the ideal Carnot COP) versus operating AT, (see Fig. 8),
examining the effect of different mixtures—the combina-
tion of three different sorbate gases—water, methanol, and
ethanol) with three inert gases—air, helium, and argon. For
the sake of comparison with the state of the art, the figure
also shows data gathered by the US Department of Energy
(DOE) on the COP of different cooling technologies [25],
where the benchmark used was for air-conditioning appli-
cation using the Air-Conditioning, Heating and Refriger-
ation Institute standard with a cold-side temperature of
7.2°C and a hot-side temperature of 40 °C, both being the
temperatures of the refrigerant. These data points are used
as a reference point with which to frame the results of the
introduced technology examined here against the state of
the art.

The results show that even without proper optimiza-
tion, the proposed cooling system can theoretically achieve
very high performance using a mixture of methanol and
air as the working fluid. We note, however, that the cur-
rent model does not yet incorporate some elements that
may constrain a “real” system and reduce its efficiency.
For example, the calculations incorporate the maximum
possible concentration gradient imposed on the system,
where, in practice, the actual gradient could be lower as it
may necessitate a flowing “mass exchanger.” Furthermore,
heat exchanged with the environment is not optimally
addressed, as our system is not insulated.

As already seen in the experimental results, using
methanol as the sorbing species achieves the best perfor-
mance (of the examined materials—other materials may
prove to be even better) due to its greater partial pressure
at the working temperatures and pressures. For example,
using water results in C,, ~ 0.02, while for methanol C,, ~
0.3. Furthermore, to retain an appropriate value of T, when
using different inert gases, a higher average pressure is
needed at a given channel dimension, 2/, which in turn

decreases the overall average molar fraction of the sorbing
component. Therefore, when using heavier gases, which in
our case is air, a lower operating pressure is needed and a
higher average molar fraction is achieved along with better
theoretical COP. Although a higher average C,, in the res-
onator can result in much improved performance, the use
of a high-pressure working gas can allow the reduction in
pore size and the increase of surface area available to work
with (again, by keeping 7 optimized) making the overall
reduction of the physical form factor possible. Therefore,
careful consideration of the working gas mixture is needed,
to allow a high average C,, along with a high mean pres-
sure p,,, to find the best performance possible in small form
factors.

We continue by considering the upper limit of the the-
oretical COP, using a simplified derivation based on our
model. This is done to better understand how the COP
is affected by the introduced mechanism. The total power
absorbed along the length of the stack, L;, may be written
as [9]

. L du dpi .
AE = ZRe |:p1 an ﬂul] . (24)
X X

The maximum efficiency is considered here at low-
temperature gradients, and it decreases monotonically with
increasing temperature gradients. For the sake of simplic-
ity, we assume pure standing-wave phasing between the
velocity and pressure, such that U; ~ —iP;. Furthermore,
viscous losses are neglected, so that 7\, — 1. Taking the
limit of 7, > 1 (the “boundary-layer” limit [9]), and apply-
ing these assumptions to Eq. (24), using Egs. (22) and (23),
as well as to the expression for A, results in the follow-
ing, approximate form for the COP (see Sec. 7 within the
Supplemental Material for the full derivation [5]):

g Zh Cm

H U 1+ -

cop= [U1|pm RTmCl G | (25)
AE  oLipl | 14 225

which shows that the efficiency of the system, at low-
temperature gradients, increases with the mean pressure
but decreases with frequency. It also shows that a major
factor, as expected, is the latent heat and molar fraction
of the sorbing component. The acoustic field is manifested
through the pressure and velocity amplitudes. The choice
of T, can be arbitrary along the stack, as the values for the
COP calculated using Eq. (25) is not heavily affected by
it. We choose T, to be the temperature on the cold side of
the stack. While the ratio of acoustic velocity and pressure
should be maximized in this idealized scenario, in practice
the increase in velocity results in larger viscous dissipation,
and so a compromise is necessary.

While the existence of a sorption-based cooling mecha-
nism has been clearly demonstrated, further development
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Theoretical calculations of (a) the COP versus temperature difference. (b) The relative COP (ratio of the COP to the Carnot

limit) versus the temperature difference. Calculations are based on the properties of the experimental heat-pump system described in
Fig. 2(a) calculated with a nominal heat load of Q¢ = 5 W and T}, ot = 40 °C, with 7, = 3.3. The calculations examine different
gas mixtures comprised of various combinations of “inert” (air, helium, and argon) and “sorbing” (water, methanol, and ethanol)
species. The Carnot COP is also plotted versus the temperature difference. The computed COP is compared with the highest practical
and theoretical COP achievable by different cooling technologies in existence today [25], labeled as follows: TO, thermionic; TE,
thermoelectric; M, magnetocaloric; CBT, conduction-based thermoacoustics; VC, vapor compression.

is needed to allow its continuous operation. For example,
the implementation of a mass exchanger, able to deliver
mass of a sorbing component at the cold side, and remov-
ing mass at the hot side. In the mathematical model, we
assume a Langmuir-type sorption model, which is not nec-
essarily the best choice for the operation of the cooling
cycle. Furthermore, the model requires some refinement
to properly capture an absorption system, although for
parameter ranges beneficial to the cooling cycle, the cur-
rent model should suffice. Finally, operation in a traveling
acoustic wave field should also be considered, as previous
studies demonstrated its the ability to increase the mass
flux [18].

V. SUMMARY AND CONCLUSIONS

Motivated by the growing need for sustainable, environ-
mentally benign small-scale cooling technology, we exam-
ine the potential of a sorption-based, acoustically driven
heat pump. Such a system encompasses the advantages
of thermoacoustics—simple, reliable construction with lit-
tle to no moving parts, with the increased efficiency and

environmentally benign materials offered by sorption. An
experimental apparatus is constructed and serves as an ini-
tial proof of concept of the mechanism involved, which is
confirmed by a mathematical model of the heat and mass
transfer within the acoustic field. The model is then used
to probe the main parameters involved and consider the
projected performance of this technology.

Experimental results demonstrated the heat-pumping
mechanism involving a time-averaged mass flux result-
ing from the reversible sorption process by which mass is
exchanged between the gas mixture and the solid. The heat
flux generates temperature differentials, which are shown
to increase as a function of the molar fraction of the sorbing
species in the gas mixture used. Our unoptimized system is
capable of generating appreciable temperature differentials
at very encouraging efficiencies, for example, maintaining
AT ~ 10 with a COP ~ 3, using humid air as the work-
ing fluid. These results encourage further investigations
into potential improvement avenues, including the effects
of sorption Kkinetics, alternative gas mixtures, operating
parameters such as geometrical properties, mean pressure,
and stack composition, as well as the acoustic field itself.
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While the current work demonstrates the use of an
adsorption-based stack and batch mass exchanger, we note
that this process is equally realizable using absorption.
More encompassing work was done recently, demonstrat-
ing great improvements in performance of thermoacous-
tic heat pumps employing phase change [27]. Moving
from the batch mode, used here as a proof of concept,
to continuous operation would necessitate use of mass
exchangers introducing and removing material at the ends
of the stack. Such a setup may be more easily realizable
using liquid absorbents, for example, via membrane-based
contactors in which the sorbing fluid is circulated (e.g.,
H,0-LiBr, NH4-LiNOs3) [28,29]. This can allow the con-
tinuous operation of the system by pumping the absorbing
liquid through the membrane, removing the reactive mass
and heat from the hot side of the stack. Such operation
can be achieved by a counter-current mode, where two
streams are used such that they cogenerate each other
over a few stages (though the overall average concentra-
tion gradient along the stack is reduced). We note that the
transition from a batch-mode operation, as demonstrated
in this paper, to a continuous operation using any of the
proposed solutions we propose in this section will inher-
ently reduce the COP achievable in the system. This is
true when incorporating any mass or heat exchanger in
a complete and fully functional refrigerator. As another
example, soaking the stack with an absorbing liquid can
also be used to allow the stack to function in an absorp-
tion process instead of adsorption. These few examples
show the potential for further research directions surround-
ing acoustic driven sorption cooling, which go beyond
the scope of the present work. At this point, it is unclear
what the impact of the regeneration would be exactly,
and we focus our attention to the potential of the sys-
tem, while making it clear that it represents an upper
bound.

Model calculations demonstrate the remarkably high
potential presented by this sorption-based mechanism,
with the COP reaching 70% of the Carnot limit. Optimiza-
tion of the process, acoustic phasing, and working fluid
may further improve efficiency, however, parasitic viscous
and heat losses, for example, due to the mass exchangers,
as well as the regeneration of sorbents (which is possi-
ble in a multistage configuration) will offset the efficiency.
Considering other attributes of thermoacoustic technology,
its relatively simple construction with little to no moving
parts, its use of simple, environmentally benign materials,
and ability to operate with either heat or electric energy
input offers exciting prospects for further development of
this sorption-based acoustic device.
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