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Abstract

The present work investigates the theoretical performance of the Knudsen heat pump
(KHP), a novel heat pump concept in which the conventional mechanical compressor is
replaced by a Knudsen compressor. This modification has the potential to reduce both
maintenance requirements and energy consumption. The flow behavior within the Knudsen
compressor, the core element of the KHP, is described using a simplified gas model derived
from the formulation originally proposed by Muntz et al. The model predictions are
initially validated against well-established data reported in the literature, and subsequently
employed to analyze the performance of the KHP, with the final objective of enhancing its
operational efficiency. To ensure the practical relevance of the performance assessment, the
analysis is conducted using realistic geometrical and operational parameters derived from
previously reported experimental studies of Knudsen compressors featuring rectangular
or circular cross-sectional geometries. The results of this study suggest that, while the
original KHP configuration exhibits limited performance, parametric analysis suggests the
possibility to enhance its performance by more than 100% under optimal conditions, with
additional factors identified that may enable further gains.

Keywords: rarefied fluid flows; reduced flow rate; thermal transpiration; Knudsen compressor;
Knudsen heat pump

1. Introduction

The heat pump system is considered a vital thermal equipment that is present in a
broad range of everyday applications [1]. Structurally, it consists of four fundamental
components: a compressor, a condenser, an expansion valve, and an evaporator. Despite its
wide-reaching utility, this device still faces crucial limitations worthy of special attention,
e.g., the large proportion of energy consumption required to operate [2] and its implemen-
tation in remote or isolated domains, where it tends to operate under harsh conditions.
These challenges arise mainly due to the configuration and functionality of the compressor.
This justifies the need for novel solutions in the compressor working principle that could
explore alternative operating concepts.

Among the suggested contemporary electromechanical technologies, the use of a
Knudsen compressor (KC) [3] as the driving mechanism in heat pump systems is a promis-
ing solution (refer to [4] for a comprehensive review). Contrary to the conventional com-
pressor that resorts to electrical energy to propel the mechanical parts and create a fluid
flow rate, the KC generates useful work by harnessing thermal energy to power the sys-
tem instead [2]. The physical working principle of the KC lies in the exploitation of a

Fluids 2025, 10, 236

https:/ /doi.org/10.3390/ fluids10090236


https://doi.org/10.3390/fluids10090236
https://doi.org/10.3390/fluids10090236
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0009-0006-3602-0240
https://orcid.org/0000-0001-5719-799X
https://orcid.org/0000-0003-0612-8155
https://doi.org/10.3390/fluids10090236
https://www.mdpi.com/article/10.3390/fluids10090236?type=check_update&version=1

Fluids 2025, 10, 236

2 0f 23

phenomenon known as thermal transpiration [5] to promote a rarefied gas flow inside
the component.

Historically, the creation of a KC in the micro-regime was originally mentioned by
Young [6], which holds a patent for it. However, the first micro-device actually fabricated is
often credited to Vargo et al. [7]. Ever since its introduction, the KC has been the subject of
numerous studies [8-13] and explored in multiple applications [14-16]. The Knudsen heat
pump (KHP) system, which consists of a heat pump operated by a KC, is among one of
the most promising technologies, with numerous successful prototypes reported [17-19].
More details on the underlying physical principles of KC, as well as its broad technological
and application fields, can be found in the comprehensive review articles [20-22]. This
work focuses on the KC element (with either a rectangular or a circular cross section)
and its operating parameters, with the aim of enhancing the overall performance of the
KHP device.

Given the complexity of the physical model that governs the gas flow in the KC, this
study adopts the simplified formulation proposed by Muntz et al. [23]. Although simplified,
this reduced model is shown to be valid through comparisons with solutions obtained from
independent approaches. When applied to the KHP system, it yields valuable conclusions
and practical guidelines regarding the optimal operating parameters that enhance the
system efficiency.

The manuscript is organized as follows: Section 1 introduces the work. Namely, it
describes the problem physics, the KC geometry and operation principle, and the study
objectives. Section 2 concerns with the reduced flow model, which is the main theoretical
tool used throughout the work. Particularly, its formulation, extension to different KC geo-
metrical configurations, and verification against other models are discussed here. Section 3
covers the KHP, describing its individual elements and the main parameters assessed
in the work analysis. Section 4 contains the main results of the work. Here, a detailed
examination of the effect of the model parameters on the KHP performance is given. Finally,
Section 5 concludes the work by summarizing the main findings and outlining directions
for future research.

1.1. Rarefaction Regimes

A gas is denoted as rarefied when its density is low enough for the mean free path
to be comparable to the characteristic length of the geometry. At the rarefaction limit, the
surface collisions of the gas molecules tend to be much more frequent compared with its
inter-molecular collisions [13].

The rarefaction level of a gas can be categorized into four regimes: the contin-
uum/hydrodynamic regime, the slip regime, the transition regime, and the free molecular
regime. The typical macro-scale flow is observed in the continuum/hydrodynamic regime,
in which the gas is sufficiently dense for inter-molecular collisions to dominate. The thermal
transpiration phenomenon, which is “invisible” at the macro-scale, manifests itself in a gas
flow that can be located in either the slip, transition, or free molecular regimes [2].

The rarefaction regimes are characterized by the Knudsen number Kn. Figure 1
illustrates the Kn range and the most suitable modeling approaches for each regime.

The Knudsen number, given by Equation (1), quantifies the ratio between the mean
free path A, i.e., the average distance a moving particle travels between two consecutive
collisions, and the characteristic length of the gas flow 4, and it is expressed as follows [24]:
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The rarefied gas flow in the Knudsen compressor is a type of problem that is usually
modeled, assuming it falls into the slip regime (0.01 < Kn < 0.1). According to Figure 1,
the Boltzmann equation is theoretically capable of encompassing all of the four regimes.
However, solving it is a very complex task and, thus, hard to apply in typical engineering
problems. To overcome this difficulty, a reduced flow model [23] is considered, which is
able to predict the gas flow rate over the full spectrum of rarefaction regimes. This model is
described in full details in Section 2.

Rarefaction - . fhe Free
¢ Continuum Slip Transition
Regimes molecular
Collisionless
Molecular q
. Boltzmann equation Boltzm_ann
equation
\
Continuum Euler Navier-Stokes Burnett
model equation equations equations
0.0 0.p1 OJI 10.0 Kn

Figure 1. Overview of the range of Knudsen number and various model regimes. Adapted from [20].

1.2. Knudsen Compressor

Figure 2 illustrates two idealized configurations of a Knudsen compressor: the mono-
capillary (Figure 2a) and the multi-capillary (Figure 2b).

Ty T T, Ty T,
=t = — =
1 - —
(a) Mono-capillary (b) Multi-capillary

Figure 2. Traditional Knudsen compressor configurations. Adapted from [21].

To optimize its performance, the Knudsen compressor is typically organized in several
stages. Each stage comprises a capillary section (smaller cross section(s)) and a connector
section (larger cross-section), both interconnected by a junction [13]. The flow is the result
of a “competition” between the thermal transpiration contribution, promoted by a tempera-
ture gradient, and the classic Poiseuille flow contribution, promoted by a pressure gradient.

Positive temperature gradients and subsequent negative temperature gradients are
applied in the capillary and connector sections, respectively, restricted between a low
temperature value Ty and a high temperature value T, thus resulting in a sawtooth-like
distribution. The thermal transpiration flow contribution is therefore predominant in the
capillary sections while the Poiseuille flow contribution is predominant in the connector
sections of the compressor.

It should be taken into account that the Poiseuille flow is inevitable in the problem:
introducing a positive temperature gradient in the system, in order to promote a thermal
transpiration flow, consequently creates a pressure gradient that is also positive, according
to the perfect gas law. This results in the undesirable Poiseuille contribution opposes the
thermal transpiration contribution and negatively affects the overall flow.

The present work will focus only on the multi-capillary version of the Knudsen
compressor, where each capillary section comprises several segments arranged in parallel.
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1.3. Advantages and Disadvantages

As previously mentioned a heat pump whose compressor operates under the thermal
transpiration phenomenon can bring unique advantages. For instance, when compared
with the conventional mechanical compressor, the Knudsen compressor lacks moving
components. This feature not only attenuates noise and vibrations but also eliminates
the need to apply lubricants in the component, leading to an extension of its durabil-
ity [18] and mitigation of maintenance requirements. Other relevant advantages consist of
the following:

*  The potential applicability of these compressors at low pressure requirements [2];

*  The compact design owing to its micro/nano-scale configuration [2];

*  The reliance on either waste heat deployed by other systems [18] or more environmen-
tally friendly energy sources like solar energy [2] due to the nature of the energy input.

However, despite these advantages, the Knudsen heat pump has previously been
proven to exhibit very low practical efficiency, as demonstrated by the results reported by
Kugimoto et al. [19].

1.4. Objectives

The present work is set about studying the performance behavior of the Knudsen heat
pump. For that, a numerical model [24-30] is first introduced, which aims to determine the
value of relevant parameters in the rarefied gas flow typically found in Knudsen compressor
elements, i.e., mass flow rate and pressure distribution. The results given by this model
will further be used to predict the performance of a Knudsen heat pump that is composed
of a multi-capillary Knudsen compressor. This study aims at finding optimal conditions
that help improve the efficiency of this system. The results obtained here may serve as
guidelines for possible innovative solutions in the design of the KHP technology.

2. Reduced Flow Rate Model

To study the functionality of the Knudsen compressor and, hence, the Knudsen heat
pump, it is necessary to have theoretical models beforehand at our disposal that are
simultaneously simple and reliable.

The simplified transport model referenced in the present work permits solving a
rarefied gas flow in geometries subjected to temperature and pressure gradients. This
model, henceforth labeled as the the Reduced Flow Rate model, or RFR model for short, has
been originally proposed by Sharipov and co-workers [24-28,30] and later studied by Graur
and co-workers [29]. This model, which is an extended version of the original RFR model
proposed by [24-30], is applied for the Knudsen compressor geometry, taking as inspiration
the already-existing version of the model proposed in the work of Aoki et al. [12,31].

The Reduced Flow Rate model is applicable to capillaries containing either a rectangu-
lar or a circular cross section, as well as capillaries with a constant or variable cross section
along the longitudinal direction of the geometry. It uses an inversely related variant of the
Knudsen number called the rarefaction parameter, J, see Equation (2), which is defined

by [24]
Pa m
0=\ 2T @

Finally, it is worth underlining that, although it has benefits, the RFR model falls
under idealized assumptions that simplify the calculations of the problem and may have a
non-negligible impact (the work of Sharipov and Seleznev [24]; refer to these limitations
in more detail). Future numerical and experimental research work should consider these
assumptions when comparing and/or validating results.
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2.1. Long Capillary Geometry

The long capillary geometry is composed of two reservoirs connected by a capillary of
length L. This capillary has a wall temperature distribution Ty, (x) and features a character-
istic dimension that can vary along the longitudinal direction a(x), which is equal to (i) the
radius for the circular cross section or (ii) the height for the rectangular cross section. The
geometry is assumed to contain water vapor and is subjected to prescribed variations of
pressure and temperature [24,29,30].

Figure 3 illustrates the considered problem, including the adopted coordinate system
and the two types of cross sections studied. The nomenclature to be defined for the
variables of the capillary extremities connecting the reservoirs shall henceforth follow the
representation defined in it; that is, the pressure, temperature, characteristic dimension,
and rarefaction parameter assigned to the left and right extremities are labeled as Pj, Tj, ay,
01, and Pyp, Typ, agg, 011, respectively [24].

y

Yy
P, x Py /'
T, af f—— Yan T, x
8 L LT
‘ b
(a) Longitudinal section of capillary (b) Cross section of capillary

Figure 3. Long capillary geometry. Adapted from [24].

The RFR model focuses on solving Equation (3), which quantifies the balance between
the thermal transpiration flow and the Poiseuille flow in the system [29]. In this equation,
G corresponds to the reduced flow rate, Gp(6) and G7 (&) are the dimensionless coefficients
of proportionality related to the Poiseuille flow and the thermal transpiration flow, in
the given order, and ¢ is a term equal to 2 or 3, depending on whether it is used for a
rectangular cross-section capillary or a circular cross-section capillary, respectively.

L ra(x)\¢ T; dP P(x)dT
Gzpl(fh VT(x)<_Gde+GTTEx;dx> ®

Figure 4a,b illustrate the reduced flow rate of Poiseuille and thermal transpiration
flows, respectively, as a function of the rarefaction parameter é. It is observed that Gp () is
minimum at approximately § = 1, while G7(6) monotonically decreases with the increase
in . This behavior determines the relevance of the thermal transpiration flow at moderate
to low 4.

Owing to its non-linearity, Equation (3) shall be numerically solved. For that, we resort
to the finite difference method following the works of Graur [29] and Sharipov [30]. The
secant method is applied for the iterative process. The overall numerical scheme has been
implemented in MATLAB, Version R2018b, [32], with its algorithmic flowchart presented
in Appendix A.

Geometrical and operational conditions are applied in this model and quantified
through ratios. The geometrical conditions consider the cross-section ratio ab,,;, = ‘%
(specifically for the rectangular cross-section studies), while the operating conditions
account for the pressure ratio Py, = %III and the temperature ratio T4, = TTIII

The mass flow rate M, in kg/s, given by Equation (4), is related to the reduced flow
rate G according to

M= < @)

L > 2xkx Ty
AXﬂ]XP] m
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Figure 4. Graphical representation of the dimensionless coefficients, G, and Gr, originally proposed
by [24]. Panel (a): solid line—BGK model; crosses and circles—Boltzmann equation; given by [24].
Panel (b): solid line—BGK model; dashed line—BGK with recalculated 6; squares—S-model; circles—

Boltzmann equation; given by [24].

2.2. Knudsen Compressor Geometry

The RFR model will be applied to a multi-capillary Knudsen compressor consisting
of several stages Nstgges, as illustrated in Figure 5. Each stage is composed of a capillary
section (A) of length LA = vLs and N capillaries of height D4 and a connector section
(B) of length LB = (1 — )L, and height DB, where L; corresponds to the length of a single
stage and vy is the fraction of a single stage capillary section. The wall temperature along x
forms a triangular distribution restricted between T and Ty [12,31], as shown in Figure 5.
The total length of the compressor corresponds to L.

(@~ 1) thstage ithstage (@+1) thstage

LA =yLg L =(1-p)L,

E - . .

oA

Capillary Section (A) Connector Section (B)

Ty

x

Figure 5. Multi-capillary Knudsen compressor. Adapted from [7].

Ncgp is defined so that the sum of all the capillary heights and of all the walls thick-
nesses separating each capillary (a.) is equal to the connector section height. Each section of
the compressor is solved separately using Equation (3) and considering the linear triangular
temperature distribution. Assuming a coordinate system with its origin at a junction of a
single arbitrary stage, as illustrated in Figure 6, the set of Equations (5) ensures the pressure
and flow rate continuity across the junction.

PA’)C:O, = PB|X20+
_ GBlo, ®)

GA|x:0, = Tap
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Figure 6. Junction conditions. Adapted from [7].

An isometric view and two cross-section views of the rectangular and circular geome-
tries, one along the xy plane and another along the yz plane (2D view), are illustrated in
Figures 7 and 8, respectively.

:
y
ac
a <
v ¥ ac
x

a |

z H

|

(a) Isometric view (b) Cross-section view along  (c) Cross-section view along

the xy plane the yz plane

Figure 7. Tllustration of the Knudsen multi-capillary compressor for the rectangular cross-section geometry.

&7 &

(a) Isometric view (b) Cross-section view along  (c) Cross-section view along
the xy plane the yz plane

Figure 8. Illustration of the Knudsen multi-capillary compressor for the circular cross-section geometry.

2.3. RFR Model Verification

The RFR model is first verified by comparing the results of the model shown in
the previous sections against well-established literature results, namely, those reported
by Aoki et al. [12,31]. Additionally, our verification study also includes comparisons
with solutions of a Computational Fluid Dynamics (CFD) solver, namely, the COMSOL,
Version 5.1, Multiphysics [33,34] slip—flow Navier-Stokes interface (hereafter, SF-NSE).
The correspondence with these two sources is used as the primary measure for assessing
the accuracy of our model.

For the verification study, we considered the data listed in Table 1 whose values
follow [12,31]. The present analysis considers a mono-capillary Knudsen compressor
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geometry, as depicted in Figure 2a, where a,4;, denotes the ratio between the characteristic
dimensions of the capillary and connector sections.

Table 1. Data considered in the model verification study.

Cross Section

Parameters Units :
Rectangular Circular

¢ - 2 3
Nstbkges - 10 10

L m 0.5 x 1073 0.5 x 1073

v - 1/2 1/2
Aratio - 2 2
abratio - 0(2D) -
Tatio - 1.5 1.5
Pratio - 2 2

aj m 0.70 x 106 0.35 x 107

17 K 350 350
Neap - 1 1

ac - 3x107° 3x107°

i : o’ i

Results for the reduced flow rate G are summarized in Table 2, and the corresponding
pressure distribution—expressed as the dimensionless pressure P along the capillary—is
shown in Figures 9 and 10. Differences and similarities among them will be discussed
below. Note that, to make the comparisons viable, the values reported in [12,31] had to be
converted in terms of the reduced flow-rate metric G, given by Equation (6), which reads
as follows:
20°T*  [kpRs

P* m

where p*, T*, and P* denote the reference mass density, temperature, and pressure of water

G:

M, (6)

vapor, respectively; R; is the specific gas constant; kp refers to the Boltzmann constant; 1 is the
molecular mass; and M is the non-dimensional mass flow rate retrieved from the cited works.

The dimensionless pressure P = P(x)/P; exhibits a stage-wise triangular profile along
¥ = x/xy1: each triangle corresponds to one of the ten repeated stages, with the first half
arising in the capillary section and the second in the connector section.

Knudsen mono-capillary: rectangular cross-section, T}qti0 = 1.5
— O [ [ |
9.9 |{—e—sF-NsE 4
— Knuden diffusion model
3k
oL
/A
/4
1.8F i
N
Ry
1.6F E
i 15
14l AN |
1.2} Ve ]
1
. . . 0 0.1 0.2
0 0.2 0.4 0.6 0.8 1

81

Figure 9. RFR model verification results. P profile for the Knudsen mono-capillary geometry with a
rectangular cross section, as depicted in Figure 7.
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Knudsen mono-capillary: circular cross-section, Tyqio = 1.5
T T T r

2.2 H—+—RFR-KC
—o—SF-NSE
Knuden diffusion model

1.4}

8

Figure 10. RFR model verification results. P profile for the Knudsen mono-capillary geometry with a
circular cross section, as depicted in Figure 8.

Table 2. RFR model verification results. Comparison of G predictions between different models.

Cross Section G
Rectangular RFR-KC —0.0694
b — 0.00 [12] —0.0677 (2.40%)
ratio SF-NSE 3.9391 (5775.94%)
RFR-KC —0.0565
Circular [31] —0.0671 (18.81%)
SF-NSE 3.6638 (6584.60%)

The larger discrepancies observed in the SF-NSE solutions displayed in Figures 9 and 10
are mainly attributed to the fact that CFD simulations have been performed for rarefaction
parameters significantly outside the slip—flow regime. Given that the SE-NSE formulation
considered by COMSOL is mainly applicable, and therefore accurate, within the slip—
flow regime, its validity tends to degrade under these conditions, which explains the
observed discrepancies. Another evident feature refers to the junction effects at the capillary—
connector interfaces. They can be identified in Figures 9 and 10 as small pressure jumps
at these sites. Because both section lengths are short (L4 = Lp = 0.5 mm), these interface
effects are insufficiently damped. Unfortunately, extending the geometry to mitigate them
does not seem feasible at present; for Nstzges = 10 COMSOL failed to converge or produced
diverging solutions for longer L.

On the other hand, RFR-KC and Knudsen—diffusion predictions agree well—within
~2-3% for rectangular channels and ~12-19% for circular channels. The larger discrepancy
in the circular mono-capillary case likely reflects limitations of the RFR-KC formulation,
which justifies more in-depth investigations in a future study.

3. Knudsen Heat Pump

This section provides a brief overview on the operation principles and main parameters
behind the Heat Pump Cycle. Then, it presents the mathematical model and the main
input parameters considered in the KHP study. Finally, their relationship with respect to
previously published studies is discussed. The results provided by the model will then
be used to compute the energy transfer associated with the evaporator and the Knudsen
compressor. Subsequently, the overall efficiency of the KHP will be estimated in order to
assess the system performance.
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3.1. Heat Pump Cycle

A heat pump system consists of a closed thermodynamic cycle whose main purpose is
to maintain an enclosed space at a desirable temperature, different from the surrounding
environment, by transferring heat from a source to a heat sink. Whether the objective is to
cool or heat the enclosed space defines if the system acts as either a refrigeration cycle or a
heat pump cycle, respectively [35].

Figure 11a shows an illustration of the heat pump cycle, and Figure 11b indicates the
corresponding log(P) — h diagram.

—— ® . 0
. "

@
2
I}
s
<
S
2
&
-3
&

vy
@"
Evaporator

¢ Ty \~A

(a) Heat pump illustration (b) log(P) — h diagram
Figure 11. Heat pump cycle and corresponding process steps given in Equation (7). Adapted
from [36]. W: energy input to the compressor; M: mass flow rate of the fluid in the system; Qfy and

Qcp: heat transferred in the evaporator and condenser; Try and Tcp: temperatures of the enclosed
spaces on the evaporator and condenser sides, respectively.

The thermo-physical processes taking place in the compressor, condenser, expansion
valve, and evaporator are mathematically defined by the set of Equation (7), respectively,
given by

W= Ny — )
Qcp = M(hy — h3)
Iy = hy
Qrv = M(hy — hy)

@)

The coefficient of performance (COP) is a measure of the efficiency of the heat pump
system. Depending on whether the system operates as a refrigeration or heat pump cycle,
expressed by Equation (8) or Equation (9), respectively, this parameter quantifies the ratio
between the energy desirably transferred—either from the enclosed space to the evaporator
(Qgv) or from the condenser to the enclosed space (Qcp)—and the energy supplied to the
compressor (W). According to the systems mode of operation, this parameter is defined

as follows:
Qcp  hy —h3
COPrp = == = 8
LW T h—-ny ®
Qepv  h—hy
COPry = == = 9
TW T —m ©)
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For the performance study, the current work only focuses on the calculation of the
coefficient of performance using Qry (COPgy), as the results for Qpy and Qcp and, conse-
quently, COPgy and COPcp tend to be relatively close to each other.

3.2. KHP Energy Input

The present study is motivated by the work by Kugimoto et al. [19], which specifically
emphasizes that, in practical applications, the total energy input should not be limited by
the mechanical work required to drive the flow through the system, denoted above as W,
but must also include the thermal energy needed to offset continuous heat losses in the
compressor. These losses arise from conduction along the longitudinal direction of the
compressor, represented by Qconduction, and from radiation on the high-temperature side of
the compressor, denoted as Qdiation-

The total conductive heat losses, in all stages of the Knudsen compressor, is expressed
by Equation (10) in Watts (W) and its calculation follows [19]. However, unlike the method-
ology in [19], which presents the Knudsen compressor as a single capillary section (i.e.,
the membrane), the present work also incorporates conduction losses occurring within the
connector sections.

(10)

A A B AB
. kAL (Ty — T, kPA2 (Tyg — T
Oeonduction :Nsmggs< & (Ty — Tp) n w(TH L))

LA LB

In Equation (10), x, Aw, and L represent the thermal conductivity, cross-section area,
and length of the medium through which heat is conducted, respectively. This medium
may refer to either the solid wall of the compressor or the water vapor within it. Recall from
Section 2.2 that Ty and T, correspond to the high and low temperatures of the compressor,
while the superscripts A and B denote the capillary and connector sections, respectively.

Glass fiber, the material applied in the study performed by Kugimoto et al. [19], is also
employed in the present work due to its low thermal conductivity, which helps minimize
conductive heat losses. As reported in their study, the thermal conductivity of glass fiber is
assumed to be 0.03 W/(m-K) at 1 kPa and 324 K [19].

According to the database provided by the NIST Chemistry WebBook [37], the ther-
mal conductivity of water vapor under these conditions is ~0.02 W/(m-K). Knowing
that the medium observed in the capillary section is composed of both solid wall (glass
fiber) and water vapor, in order to simplify the calculation of Qondyction, the thermal con-
ductivity of water vapor can be considered equal to that of the glass fiber. Accordingly,
k4 = xB =0.03 W/(m-K) (note that the application of a low thermal conductive solid wall
material, relative to that of water vapor, contradicts the thermal conductivity assump-
tion stated in [24], so future work should be performed to verify the conformity of the
application of low conductive materials using the RFR model).

Under the aforementioned assumption, the cross-section area A, will be identical in
both sections, such that A% = AE.

The total radiative heat losses across all stages of the Knudsen compressor are calcu-
lated using Equation (11), expressed in Watts (W). In this equation, o denotes the Stefan—
Boltzmann constant, € represents the emissivity of the solid wall material (=1 as was
assumed in [19]), and Tgr is the room temperature, which can be considered equal to T},
for simplicity (according to [19], Trr = 294.37 K).

Qradiution = Nstﬂgt‘S‘TEAé(TéI - TI%T) (11)

Since the coefficient of performance indicated in Equation (9) takes solely into account
the energy required to pump the flow in the system W, and does not depend on the heat
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losses in the Knudsen compressor, a modified parameter that represents the KHP system
performance in a more practical manner needs to be introduced into the study. This new
parameter shall be denoted as COPp,4cticq; and is expressed by Equation (12). Equation (12)
mathematically describes that the performance of the KHP is undesirably affected by
the heat losses in the compressor. Following this new parameter, the COP defined in
Equation (9) shall henceforth be labeled the ideal coefficient of performance COP;y,,;.

QEV
practica W + Qconduction + Qradiution

3.3. KHP Analysis

The present study will investigate the influence of various input parameters on the
flow rate (M), the ideal coefficient of performance (COP,4,,), and the practical coefficient
of performance (COPy,acticqr) 0f @ Knudsen heat pump. The goal is to identify optimal
operating conditions that maximize COPyctica1, thereby enhancing the system'’s overall ef-
ficiency. All geometric and operational parameters considered in this work are constrained
to realistic values typically encountered in Knudsen compressor geometries.

To establish a comparative baseline, simulations are first conducted using realistic
operating and geometric parameters. Table 3 summarizes key characteristics reported in
previous related studies.

Table 3. KHP characteristics based on data reported in previous literature studies [14,17,19].

Article Units [19] [14] [17]
Fluid - Water vapor Water vapor Water vapor
KC type - Porous membrane Porous membrane Porous membrane
Nstages - 1,2 1,2,3,4 1
KC length L4 m 760 x 107° 380 x 107° 380 x 107°
KC material - Glass fiber filter Glass fiber filter Glass fiber filter
Thermal
conductivity W/ (m-K) 0.03 ) )
Pores size a; m 0.70 x 10~¢ 0.70 x 10~ 0.70 x 10~
Cross'seAftlon area m? 785 x 10 49 x 1074 49 x 1074
w
Thatio - 494.77 /294.46 324/295 433/293
Pratio - 930/876 3413/3333 1740/1700

For the present work, the parameters adopted for the baseline simulations are mainly
drawn from the study by Kugimoto et al. [19]. Table 4 summarizes the selected parameters,
where the values for 7, Neyp, and a. are assumed since the article [19] does not provide
explicit data for these quantities. It is expected that the results to be presented here will
differ from those reported in [19], primarily due to these geometry differences: the Knudsen
compressor considered in the present study is modeled as a 2D configuration and does not
fully match the geometry used in [19]. It should be noted that, for each study, all baseline
parameters are held at their initial values, as listed in Table 4. By varying one parameter at
a time, it becomes possible to isolate the marginal effect of each parameter analyzed.

Subsequently, a series of parametric studies will be conducted by systematically
varying the baseline parameters to assess their individual impact on the mass flow rate
and the KHP performance. An additional simulation scenario will be explored to further
enhance performance metrics. Finally, simulations incorporating optimized parameters
will be developed to evaluate enhancements in the results and performance of the system.
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Table 4. KHP baseline parameters.
Cross Section
Parameters Units :
Rectangular Circular
¢ - 2 3
Nst%es - 1 1
L m 760 x 107° 760 x 107°
0% - 1/10 1/10
K W/(m-K) 0.03 0.03
abygtio - 1 -
Tratio - 494.77/294.46 494.77/294.46
Pratio - 930/876 930/876
ay m 0.70 x 10~ 0.35 x 10~
Ty K 294.46 294.46
Neap - 50 50
ac m 0.70 x 10~ 0.70 x 10~
Ay m? 78.5 x 10~* 78.5 x 1074

4. Results and Discussion
4.1. Baseline Simulations

Table 5 presents the results of the baseline simulations performed for a multi-capillary
Knudsen compressor with a rectangular cross section and a circular cross section.

Table 5. KHP baseline simulations results.

Cross Section

Variables Units

Rectangular Circular
M mg/s 1.164 x 1077 5.273 x 10710
Qev W 2.892 x 10~7 1310 x 1079
1% w 4439 x 10~8 2.010 x 10710
O conduction w 68.966 68.966
O, adiation w 23.328 23.328
COPigear - 6.514 6.514
COPyyactical - 3.133 x 107° 1.419 x 10~ 1

These results help conclude that the heat pump coupled with a Knudsen compressor,
with the currently chosen baseline parameters, cannot produce desirable results given their
very small orders of magnitude, which consequently yields a poor performance.

To conclude this section, it is worth clarifying the lower COPy,ticqr 0f the circular
cross-section geometry, compared with the rectangular cross-section geometry, which is
observed in the results. To begin with, let us recall that the mass flow rate is given by
Equation (4), where L denotes the Knudsen compressor length, A gives the capillary cross-
section area, a; is the characteristic dimension in the capillary section, P; is the pressure at
the left extremity of the Knudsen compressor, T} gives the temperature at the left extremity
of the Knudsen compressor, m is the molecular mass of water vapor, and G corresponds
to the reduced flow rate. Thus, for fixed L, P;, T;, m, and G, we have M « a;A. For the
rectangular geometry, Asct = ajb, whereas for the circular geometry, A.j,c = na% ; here, a;
is the characteristic dimension (height for the rectangular geometry, radius for the circular
geometry) and b = ay;/ab,,;, represents the width of the rectangular geometry. Because
ar; > ay (the connector section is much wider than the capillary section), for ab,.;, = 1,
b = ajj, and consequently, b>>aj, Arect>Acire, and thus, it follows that M.t > M.
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Given that the mass flow rate is directly proportional to COPy,4cticar, the circular geometry
exhibits a much smaller COP as a consequence of the lower M.

4.2. Parametric Studies

Figure 12 presents the results of the parametric study performed for a; for 0m < a; <
20 x 10~% m, that is, the characteristic dimension of the capillary section.

—8— M - Rectangular COP, e - Rectangular COP,ractical - Rectangular,
—— IV - Circular COP,.y - Circular COP,quticat - Circular
4tk
ol . M
0 M
oL
=
=
= O
=
78 L
10
—12k
—14
| | 1
0 0.5 1 1.5 2
ar[m] x107?

Figure 12. a; parametric study.

Figure 12 evidences an increase in M and COPpyacticar at a micro-scale level, where
a; becomes sufficiently small and thermal transpiration effects are predominant, thus
positively influencing the flow. For the rectangular and circular geometries, both M and
COPyracticar reach their peak values at ay = 12 x 10~® m and a; = 11 x 107% m, respectively.
This is followed by a significant decrease in M and COPyctica1, Where the Poiseuille
contribution overcomes the thermal transpiration contribution, subsequently leading to
negative values of M and COPyracticar (the latter not being shown in the graph due to the
logarithmic scale of the y-axis), indicating reversed flow directions uncharacteristic of heat
pump systems. Thus, the range of a; values that leads to these reversed flow conditions
should be avoided.

In contrast, COP;4,, remains constant and equal to 6.514 for both cases throughout
the variation of a;, as a; does not influence enthalpy values within the KHP system. Based
on these results, values of a; = 12 x 10° m (rectangular) and 11 x 10~ m (circular) were
selected for the enhanced simulations, corresponding to the optimal COPyctica values
within the studied range. These values fall into the typical micro-scale dimensions where
the KC should operate, as indicated in previous studies [21,22].

Figure 13 provides the graphical results developed during the parametric study of the
characteristic dimension to width ratio ab,, for a range of 0 < ab,,4, < 1.

While variations in ab,,;, do not influence COP,y,,;, decreasing ab,;;, results in an
increase in both M and COPyracticar- This increase in M is attributed to the expansion of the
rectangular cross-section area, primarily driven by an increase in the compressor width b.
As ab,41:, — 0, b, and consequently M and COPpyactical, tends towards infinity. As in the
previous parametric study with a;, COPjy,, remains constant at 6.514, as ab,;;, does not
affect the enthalpy values in the KHP system. To comply with performance and geometric
feasibility, a value of ab,, = 1 x 10~* was selected for the enhanced efficiency simulations,
as it provides near-optimal results without requiring unrealistically large values for the
compressor width b.
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Figure 13. ab,,;;, parametric study.

Figure 14 indicates the evolution of the results with capillary section fraction .
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Figure 14. -y parametric study.

The data depicted in Figure 14 shows that M is generally sensitive to variations in
7 across both geometric configurations, especially at v = 1. At this value, M decreases
significantly in the rectangular geometry and increases in the circular geometry. Notably,
COPjgeq1 is also not affected by variations of y. Furthermore, the COPpcticar collapses at
7 = 1, where the geometry is fully capillary. An optimal value of 7 = 3 has been selected
for the enhanced efficiency simulations in both geometric cases, which corresponds to the
7 value that returns the highest COPscticar-

Figure 15 presents the graphical results of the parametric study carried out for the
number of capillaries Negp.

An increase in the number of capillaries positively influences M and COPyracticar in
both geometric configurations, leading to their asymptotic increase. As expected, COP;z,,;
remains unaffected, holding constant at 6.514, indicating that it does not depend on N,p.
Based on these findings, N¢;p = 2000 has been selected for the enhanced efficiency sim-
ulations in both configurations, as further increase in this parameter yields negligible
improvement of the KHP performance and would only increase the size and complexity of

the Knudsen compressor.
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Figure 15. N,;p parametric study.

Figure 16 outlines the results for the number of stages Nitqges parametric study.

—5— M - Rectangular -+ -COPg.q - Rectangular —=— COP, - Rectangular

—6— M - Circular — % -COP,4eq - Circular —&— COPyracticar - Circular

M[mg/s]
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10-1t L L L L L 0
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Figure 16. Nstqges parametric study.

For both geometries, a notable decrease in the mass flow rate M, and consequently
COPpmctical, is observed with the increase in the number of stages Nstges, due to its inverse
dependence on the total length of the Knudsen compressor L, which increases with the
increase in Nitqges (refer to Equation (4)).

A similar trend is observed for both COP;4q and COPyyctica1, where a continuous
decrease is observed with the increase in Nitqges. Each additional stage increases the number
of capillary sections requiring heat input and promotes conductive and radiative heat losses,
thereby raising W, Qconduction, and Qyadiation- Since Qry is not affected, this imbalance leads
to a reduction in both performance parameters.

Notably, as reported by Kugimoto et al. [19], the efficiency of a multi-stage Knudsen
compressor scales inversely with the number of stages, such that the efficiency of an Ngges-
stage compressor is approximately 1/ Nsges of the efficiency of a single-stage unit. This
theoretical prediction is qualitatively supported by the trend observed in the simulation
results presented in Figure 16, where COPyyctica1 Arops as Nitages increases, confirming the
inverse efficiency relationship and reinforcing the impracticality of using a high number of
stages from a performance standpoint.
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For this study, Nstsges shall remain equal to 1 for the enhanced efficiency simulations
in both geometric configurations.
Figure 17 illustrates the results of the parametric study executed for the pressure

ratio Pygio-

—&— M - Rectangular COP,jear - Rectangular COP,actical - Rectangular
—6— M - Circular COP,jeq - Circular COPyracticar - Circular
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10 9

"’“—2‘6*3
107106 N\

10-11 L 1 1 L !
1 1.05 1.1 1.15 1.2 1.25 1.3

P, ratio

Figure 17. P, parametric study.

The graphical results show that increasing the pressure ratio Py, negatively impacts
both M and COPyracticar- This trend is expected, as a pressure gradient within the Knud-
sen compressor enhances the Poiseuille flow contribution, which opposes the thermal
transpiration-driven flow, thus shifting the net gas flow through the Knudsen heat pump
system. For the rectangular and circular configurations, respectively, when P,;, > 1.17 and
Pyatio > 1.24, the flow direction reverses, causing M and COPyracticar to become negative
(although this is not visually evident in the plots due to the logarithmic y-axis scales).

In theory, optimal performance would be achieved when P, approaches unity,
minimizing adverse Poiseuille flow, allowing thermal transpiration to dominate and for
COPyracticar to reach its most enhanced value. Unlike conventional heat pump systems,
the KHP does not require an externally imposed pressure differential for operation, and a
pressure gradient will be generated internally via thermal transpiration. Therefore, a value
of Prytio = %, as initially chosen, shall remain for the enhanced efficiency simulations in
order to maintain performance while satisfying practical constraints.

Figure 18 illustrates the results for the temperature ratio T,,, parametric study.

The results indicate that the mass flow rate M increases continuously with T}, due
to enhanced thermal transpiration effects induced by the growing temperature gradient
across the system. For the rectangular and circular configurations, respectively, COPp,actical
reaches a peak at T, = 1.6 and T,4, = 1.5, before declining at further values of T, .
This decline in COPyyycticas beyond the optimal point is attributed to the disproportionate
growth of W, Qonduction, and Qyagiation, which overcome the increase in Qry .

In the case of COPj4,,, a steady decrease is observed with increasing T, o, as the rise
in W outweighs the gains in Qry. Therefore, the optimal performance is achieved for the
rectangular and circular configurations, respectively, at T, 4, = 1.6 and Ty, = 1.5, which
are selected for the enhanced efficiency simulations.
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Figure 18. T,;, parametric study.

4.3. Heated Surface Coating

One of the main factors limiting the performance of the KHP refers to the thermal
losses, which directly affect its efficiency. The material choice for the Knudsen compressor
is therefore a critical design parameter, as it must address both conductive and radiative
heat losses. In a study by Kugimoto et al. [19], a glass fiber membrane was employed as
the material for the Knudsen compressor. While glass fiber exhibits relatively low thermal
conductivity, its emissivity is extremely high, practically assumed to be ~1, meaning that
radiative losses become predominant, thus significantly diminishing the KHP performance.

The present work considers the application of a low-emissivity flaky aluminum pow-
der coating or silver nanoparticle coating on the heated wall of the Knudsen compressor,
which can reduce surface emissivity to values of around 0.25 [38] and 0.015 [39], respec-
tively, in order to overcome this limitation. By combining such a coating in the glass fiber
surface, it is possible to suppress significant radiative losses.

Table 6 presents the impact of surface coating on Q,iation and COPpyactical-

Table 6. KHP surface coating results.

Rectangular Cross Section Circular Cross Section

Coating Type Parameter Units

Result Improvement Result Improvement
) adiati \ 5.832 75.00% 5.832 75.00%
Al (e = 0.2 Qradiation

(e =0.25) ractical - 3.866 x 1079 23.40% 1.751 x 10~ 11 2.26%
_ Qradiation 4 0.350 98.50% 0.350 98.50%
Ag (e =0015) COPpractical ; 4172 x 1079 33.16% 1.889 x 1011 33.12%

The application of silver coating results in a dramatic reduction in radiative heat losses,
with Q,agiation dropping 98.5% in both geometries when compared with the uncoated case.
Aluminum, though less effective than silver, still provides a substantial 75% reduction.

In the rectangular cross section, silver coating improves COPy,4yicq1 by 33.16%, while
aluminum achieves a 23.40% improvement. For the circular geometry, performance gains
are more modest due to inherently lower baseline COP values; nonetheless, silver still
provides a 33.12% improvement compared with 2.26% for aluminum. These results confirm
that minimizing surface emissivity via coating is an effective strategy for reducing radiative
heat loss and enhancing overall system efficiency, particularly in rectangular geometries.



Fluids 2025, 10, 236

19 of 23

For the enhanced simulations, a surface coating using silver nanoparticles (¢ = 0.015)
is selected, as it yields superior performance compared with the aluminum coating in terms
of reduced radiative heat losses and improved overall system efficiency. It should be noted
that economic and coating stability considerations are beyond the scope of this work and,
thus, were not used as decisive factors for the choice of material. The material is selected
solely in order to increase COPyycticq- While the total area to be coated in the KC is small
(so material usage is minimal), deposition/processing can dominate cost. If investment if
limited, aluminum (Al) provides a lower-cost alternative compared with silver with only
a small increase in emissivity. Regarding stability, the layer is assumed to be protected
against factors like dewetting that diminish the stability, using a thin Ti/Cr adhesion layer
beneath it, therefore preserving its low emissivity. A detailed techno-economic analysis
and an assessment of long-term coating stability shall be the subject of a future work.

4.4. Enhanced Setup

The following operating parameters are selected, as the optimal choices, from
the preceding studies for the rectangular cross-section geometry: a; = 12 x 107% m;
abyatio = 1 x 1074 ¢ = 3; Neap = 2000; Nitages = 1; Pratio = g0, Tratio = 1.6; and, for
the circular cross-section geometry: a; = 11 x 1070 m; y = % ; Neap = 2000; Nstages = 1
Pratio = %/ Tratio = 1.5.

Table 7 presents the results obtained by using these parameters and the corresponding
percentage comparison with the baseline simulations (Table 5).

Table 7. KHP outcomes using the enhanced parameters provided by the ensemble of parametric
studies performed herein.

Rectangular Cross Section Circular Cross Section

Variables Units
Enhanced Result Percentage Enhanced Result Percentage

M mg/s 1123.30 >100% 1.20 x 107° >>100%
Qv W 2789.69 >100% 298 x 107 >100%

W W 376.02 >100% 334 x10°° >100%
Qconduction \ 87.59 27.00% 73.00 5.85%
Qradiation W 0.28 —98.80% 0.20 —99.14%
COPjgeq - 7.408 13.72% 8.920 39.96%
COPyractical - 6.006 >100% 4.069 x 107 >100%

A comparison with the baseline simulations clearly highlights significant performance
gains in the Knudsen heat pump resulting from the new implemented parameters, with
the rectangular cross-section geometry influencing the most substantial improvements in
the system.

For the rectangular cross section, nearly all performance metrics show marked en-
hancement. M, and as a consequence Qgv, and W all increase by more than 100%. Addi-
tionally, radiative heat loss (Qyggiation) is reduced by 98.80%, promoted by the application
of silver nanoparticle surface coatings in the Knudsen compressor. Both COPj4,,; and
COPpyctical improve considerably, with the latter increasing from 3.133 x 10~ to 6.006.
Conductive heat transfer (Qonduction) is shown to increase by 27.09%, which comes from
the cross-section area increase Az and Aff,—mainly influenced by the increase in ab, s,
and N¢gp. Although an unfavorable outcome, this does not hinder the system’s efficiency,
as evidenced by the substantial gain in COP);c4icq1, indicating an overall improvement in
energy conversion performance.

The circular geometry also benefits from the applied enhancements, though the mag-
nitude of improvement is comparatively lower. Increases of over 100% are observed in M,
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Qrv, and W, while radiative losses decrease by 99.14%, also due to surface coating using
silver nanoparticles. Notably, the COP;;,,; rises from 6.514 to 8.920—a 39.96% increase
that even surpasses the 13.72% improvement observed for the rectangular configuration.
However, COPpy4ctical Temains significantly lower than that of the rectangular case.

These results suggest that the rectangular geometry is more responsive to the applied
enhancements. This is largely attributed to the modification of the ab,;, parameter, which
strongly influences mass flow rate and, consequently, COPycticar- Since abyqyio is unique
to the rectangular configuration, its optimization led to substantial performance gains not
observed in the circular configuration. Therefore, the rectangular Knudsen compressor
demonstrates more advantageous characteristics for KHP applications.

5. Conclusions

The present work dealt with the performance analysis of the Knudsen heat pump.
By carefully analyzing each of the most relevant parameters, it was possible to increase
the performance of the KHP system. Although an improvement is evident for the circular
cross-section geometry, it is not as significant as that for the rectangular cross-section
geometry. The main reason for this limitation is the small mass flow rate yielded by the
former geometry.

This study intends to promote the applicability of the Knudsen compressor as a novel
approach for the heat pump technology. The use of the RFR model as means to solve the
flow in the Knudsen compressor, in order to obtain results for the KHP, has enabled a
deeper insight into the performance of the device and corresponding optimization. As
energy management and miniaturized systems become critical, the Knudsen heat pump
emerges as an innovative solution with future potential. Thus, continued research and
development in this area should be incentivized to unlock new possibilities in thermal
system designs.

Future work could include experimental validation of the current results using pro-
totypes of the Knudsen compressor geometries considered herein. Additionally, the RFR
model assumes that the wall material has sufficiently high thermal conductivity to allow a
linear temperature distribution as an input condition; since glass fiber, which has very low
thermal conductivity, was chosen for the wall material in this work, a dedicated analysis is
needed to assess the appropriateness of applying the RFR model under such conditions.
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Appendix A. RFR-KC Model Numerical Algorithm Flow Chart
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Figure A1. Flow chart of the RFR-KC model numerical algorithm.
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