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B Abstract. Modern solar air-heating units, widely used in low-temperature heat supply systems, exhibit certain limitations
in efficiency due to pronounced diurnal and seasonal nonuniformity of solar insolation, as well as significant heat losses at
low irradiance levels. Under these circumstances, there is an acute need for engineering-compact solutions that combine
direct air heating with controllable thermal-energy accumulation. Of particular importance is the development of models
that are experimentally reproducible and verifiable. The aim of this study was to formulate and experimentally validate an
optical-thermal model of an integrated solar collector-accumulator with a variable opening angle of a louvred absorber. The
model describes the dependence of the instantaneous efficiency on solar irradiance at fixed louvre opening angles — 0°, 45°,
60°, and 90° — and accounts for the division of the incoming energy between the air branch and the built-in water thermal
accumulator. Based on a prototype housed in a single thermally insulated casing, bench tests were conducted with recording
of the key parameters: solar flux density, inlet and outlet air-channel temperatures, water-heating dynamics, and air mass flow
rate. The mathematical model used in the analysis was based on an energy balance with a linear dependence of efficiency
on reduced temperature, while parameter identification was performed by the least squares method. The dynamics of
the water subsystem were described by a first-order differential equation. The reliability of the model was supported by
high explained-variance values, the absence of autocorrelation, and residuals consistent with a normal distribution. The
work presented n(G) curves for the four louvre opening angles; at solar flux densities of 350, 650, and 1,000 W/m?, the
efficiencies achieved were approximately 0.36/0.50/0.56 for 6=0°, ~0.33/0.48/0.55 for 6=45°, ~0.32/0.47/0.54 for 6=60°,
and ~0.30/0.45/0.50 for 8 =90°. The average efficiency over G =200-1,000 W/m? was about 0.435. It was shown that a
moderate increase in the louvre opening angle to 45-60° reduces the efficiency of the air branch by 1-4 percentage points
while simultaneously promoting more active charging of the water storage branch. The agreement between the model and
the experimental data confirms its practical applicability and the absence of systematic error
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B INTRODUCTION

In the transition toward sustainable and localised heat-supply
solutions, solar air-heating collectors (SAHCs) remain among
the most accessible and structurally simple technical options.
They are in demand both in the residential sector (for heat-
ing and ventilation) and in industrial drying complexes. Nu-
merous publications in recent years, like the one by V. Sin-
gh et al. (2022), demonstrate growing interest in improving
such units, especially in the areas of aero-hydrodynamic
optimisation of channels, enhancement of absorbing surfac-
es, and integration of storage blocks into the overall design.
Nevertheless, a key limiting factor remains the pronounced
temporal nonuniformity of solar irradiance, both diurnal and
seasonal. At low insolation, heat losses become particularly
significant, calling into question the stability of operation with-
out an accumulation system. For this reason, the importance
of adaptive optics and guided distribution of the solar flux
increases — moving from static absorbers to dynamic struc-
tures with controllable blades or louvres (Chand et al., 2024).

This work focused on a multifunctional, mobile solar air
heater-accumulator with a variable-angle louvred absorber,
structurally integrating an air channel and a water accumu-
lator. Such integration within a single thermally insulated
casing aims to create a more flexible and adaptive system
capable of adjusting to changing external conditions. In re-
cent years, it has become clear that the efficiency of solar
thermal systems can be enhanced not only through mate-
rial improvements but also by tailoring flow-path geome-
try and explicitly accounting for exergy losses. S. Chand et
al. (2024), using a dedicated experimental rig, assessed the
exergy performance of a louvred-fin solar air heater and
demonstrated that both the louvre shape and pitch material-
ly influence exergy efficiency over typical daytime operating
cycles. A. Albdoor et al. (2024) investigated double triangu-
lar ribs within the duct of a solar air collector and conducted
a combined energy, exergy, and environmental assessment;
their results show that appropriate rib configurations deliver
measurable gains in efficiency while incurring only moder-
ate increases in hydraulic resistance. On the thermal stor-
age side, S. Ayuob et al. (2022) derived and validated Nus-
selt-number correlations for a vertical storage tank equipped
with a helical coil, thereby providing engineers with practi-
cable relations for design calculations. Regarding working
fluids, A. Ajeena et al. (2024) experimentally demonstrated
that deploying nanofluids (e.g., SiC/DW) in flat-plate collec-
tors can raise both thermal and exergy efficiencies, although
the attendant rise in pumping power must be taken into ac-
count. In a comprehensive survey, J. Bocanegra et al. (2025)
synthesised the evidence on nanofluids for solar collectors,
noting persistent efficiency gains but also emphasising dis-
persion-stability challenges and the potential for increased
pumping-energy demand. Finally, at the system-layout level,
Z. Rahimi-Ahar et al. (2023) reviewed single-stand and hy-
brid solar water-heating configurations and showed that co-
ordinated optimisation of flow rate, tilt angle, collector num-
ber/geometry, absorber texturing, and the use of turbulators
consistently improves overall performance.

The aim of the study was to develop and experimental-
ly confirm a compact, engineering-practical optical-thermal
model of a solar air heater-accumulator with an adjustable
louvre opening angle. The model was to describe the de-
pendence of instantaneous efficiency on solar irradiance,

News of Osh Technological University. 2025. Vol. 25, No. 2

taking into account the division of energy between two
functional branches — the air branch and the water branch.
The objectives were: to formulate a mathematical expres-
sion for the optical-flux splitting function p (6,) and to devel-
op a two-branch thermal model with parameters suitable for
identification; to conduct bench tests of the prototype in four
fixed louvre configurations: 0°, 45°, 60°, and 90°; to perform
a regression analysis of n(G) dependencies and assess the
statistical reliability of the estimated parameters using boot-
strap and the least squares method; to compare the experi-
mental data with theoretical curves and test the robustness
of the model to variations in optical and thermal character-
istics; to develop practical recommendations for adaptive
control of the louvre opening angle in order to optimise the
balance between instantaneous heating and heat accumu-
lation. The study presented an original structural configura-
tion of a solar air heater-accumulator in which the louvred
absorber not only regulates the magnitude of the flux but
also directs it with a targeted energy effect — either into the
air branch or into the water accumulator. Such solutions are
extremely rare in the literature: either absorbers without
thermal energy storage (TES) are examined, or accumula-
tors without adaptive optics. In addition, a compact regres-
sion model (G, 6,), compatible with the Hottel-Whillier-Bliss
formalism, was introduced, enabling engineers to promptly
identify key parameters (Tngl, F., U)) in practice. The role of
louvre optics in energy routing of the solar flux within the
device was also highlighted — a logical extension of well-
known solutions in architectural thermal engineering (e.g.,
building louvre systems) that is, for the first time, transposed
to the domain of solar air heating. Thus, the work bridged a
significant gap between theory and practice in the context
of integrating TES and adjustable optics, offering a ready,
technically implementable, and experimentally validated
model reinforced by engineering recommendations and
analytical rigor.

N LITERATURE REVIEW

The trajectory of contemporary research on solar air-heating
collectors and their associated thermal energy storage sys-
tems shows a steady expansion across several interwoven
thematic strands. Key directions include: geometric trans-
formation of absorbers and flow channels to intensify heat
transfer; integration of storage media of differing physical
nature (water tanks, phase-change materials) to mitigate
temporal fluctuations in insolation; and the development of
compact thermohydraulic models — from the classical Hot-
tel-Whillier-Bliss paradigm to hybrid energy-balance frame-
works — geared toward parametric identification and operat-
ing-mode optimisation.

Comprehensive analytical reviews report clear pro-
gress in improving the thermal efficiency of solar air-heat-
ing collectors (SAHCs), driven by deliberate increases in the
geometric complexity of heat-exchange surfaces (Singh et
al., 2022). Investigations range from basic finning and the
use of turbulators to sophisticated configurations with mul-
ti-pass channels and specialised optics. A representative ex-
ample is the work by S. Chand (2022), which demonstrated
under controlled conditions that applying louvre-blade struc-
tures to the absorber surface can achieve substantial gains
in thermal efficiency by enhancing shear in the boundary
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layer and increasing the effective heat-transfer area. Ex-
tending this line of inquiry, the research team performed an
exergy analysis of a modified SAHC, revealing not only high-
er exergy efficiency but also a marked reduction in specific
energy losses (Chand et al., 2024). Concurrent publications
by P. Balakrishnan et al. (2024) and S. Marzouk et al. (2024)
emphasise the importance of inlet channel configuration
and rib geometry (including double triangular, rectangular,
etc.) for achieving an optimal trade-off between thermal and
hydraulic performance across various turbulence regimes.
Collectively, these findings establish an engineering founda-
tion for deployable, controllable louvred absorbers capable
of simultaneously managing flow hydrodynamics and the
“directionality” of solar-radiation distribution.

Under variable insolation — typical of most regions —
the stabilisation of the thermal regime remains a priority,
achieved by incorporating storage components. For wa-
ter-based systems, numerous studies — from ICS configu-
rations to concepts with reflective elements — demonstrate
gains in efficiency and energy resilience (Arnaoutakis et
al., 2022; Rahimi-Ahar et al., 2023). In air-based SAHCs,
the emphasis shifts toward phase-change materials (PCMs),
whose use not only raises outlet-air temperatures but
also prolongs the system’s thermal response after sun-
set (Palacio et al., 2022). Particular attention in studies by
Z. Rahimi-Ahar et al. (2023) was warranted by integrated
approaches that couple geometric improvements with stor-
age components, as well as the prolongation of useful heat
output achieved through the use of phase-change materials
(PCM). Together, these results highlight the feasibility of in-
tegrating air and water branches within a single device that
delivers versatile energy output.

Hybrid configurations that unite the functions of air and
water collectors are attracting increasing attention. For ex-
ample, M. Hassan & M. Araji (2025) examined a system in
which a flat-plate water module operated in tandem with an
unglazed air loop, substantially broadening the range of op-
erating modes. Studies of ICS systems with integrated tanks
and specialised optics (e.g., concentrating or directional)
likewise confirm both the technological and economic via-
bility of such solutions (Arnaoutakis et al., 2022; Messaou-
da et al., 2024; Koukou et al., 2025). The resulting method-
ological foundation enables dynamic redistribution of solar
energy between the functions of instantaneous heating and
storage, depending on current weather conditions and the
consumer demand profile.
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Among the models used for analysing and optimising
SAHCs, the linear Hottel-Whillier-Bliss (HWB) framework con-
tinues to dominate, enabling identification of the collector’s
core thermotechnical parameters based on experimental
data. M. Rétkai et al. (2024) established the applicability of
this model to evacuated-tube SAHCs, demonstrating low er-
ror and strong consistency with energy-balance considera-
tions. A. Bouhdjar et al. (2021) proposed a regression-based
method for extracting F, and U, from field data, yielding ro-
bust estimates even under unstable operating conditions.
Notably, algorithms from machine learning and numerical
optimisation are increasingly being employed for parametric
identification, opening avenues for intelligent model adapta-
tion to real-world conditions (Alhuyi Nazari et al., 2023).

Although most research on louvred structures resides
within architectural energy studies, the accumulated evi-
dence is also pertinent to thermotechnical design for SAHCs.
W. Igbal et al. (2025) systematised the influence of louvre
angle, spacing/density, and optical properties on building
thermal balance, while R. Ito & S. Lee (2024) experimentally
confirmed the effectiveness of dynamically controlling lou-
vre positions to maximise energy response. Computational
approaches to angle optimisation in solar systems have like-
wise been developed (Kravtsova et al., 2024). Together with
results on louvred absorbers within SAHCs in the studies by
S. Chand et al. (2022) and S. Chand et al. (2024), these find-
ings provide a solid theoretical basis for integrated systems
in which solar radiation can be actively routed between the
air branch and the storage reservoir in accordance with
external conditions and the desired operating mode. Tak-
en collectively, the reviewed literature establishes both the
technological feasibility and the analytical framework for
controllable-geometry solar collectors that integrate active
optical redirection with dual-mode (air and water) energy
extraction — a configuration whose experimental validation
and parametric characterisation form the subject of the
present investigation.

B MATERIALS AND METHODS

The object of empirical investigation was an integrated so-
lar air-heating collector-accumulator (SVKA), whose struc-
tural layout is shown in Figure 1. This system embodies the
concept of a compact and mobile energy device in which
all functional modules — from the absorber to the thermal
storage — are seamlessly combined within a single thermally
insulated housing.
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Figure 1. Schematic of a solar air-heating heat-storage collector

Source: developed by the authors
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The load-bearing structure, made of wood (Pos. 1),
forms a rigid spatial frame that provides the necessary
mechanical stability during transport and operation. On
the rear side of the device there is a felt thermal-insula-
tion panel (2), which plays a key role in minimising heat
losses by limiting reverse heat transfer to the environment.
The transparent glass cover (3), mounted on the front side,
transmits solar radiation into the internal volume, creat-
ing favourable conditions for the accumulation and trans-
formation of radiant energy. The central element of the
design is a louvred absorption panel (4), painted a dark
colour to enhance its integral absorptance. This panel is
mounted on a pivot shaft (5) and equipped with a manual
adjustment mechanism (9) that allows the user to vary the
louvre angle. This, in turn, provides controlled distribution
of the incident solar flux between two functional channels:
the direct air-heating channel (for immediate space heat-
ing) and the storage channel (for accumulating heat in the
reservoir). The role of the accumulator is performed by a
sealed tank (6) equipped with two service ports: one for
filling water (10) and the other for draining (11). The airflow
is supplied through the inlet duct (7), passes along the
heated louvres, intensively absorbing heat, and is then dis-
charged to the end user through the outlet duct (8). During
daylight hours, solar radiation passing through the glass
(3) is partially absorbed by the louvre surface (4) and used
for immediate air heating (trajectory 7=+8), while the remain-
ing portion is directed to absorption by the surface of the
accumulator (6), where thermal energy is stored. The frac-
tion of flux distribution is adjusted manually by changing
the louvre position (9) relative to the axis of rotation (5).
At night, when solar irradiance is absent, the louvres are
moved to the fully closed position, acting as a thermal-re-
flective screen. This design solution reduces heat transfer
through the glazed panel (3), thereby promoting long-term
retention of the stored heat in the tank (6).

Table 1. Measurement equipment and specifications

Measurement

channel ]

Instrument | purpose

The complex yet logically arranged layout of elements
(1-11) ensures not only the functional versatility of the de-
vice — combining an air heater and a thermal accumulator
within a single enclosure — but also a high degree of adapt-
ability to changing operating conditions, including the ability
to select one of three operating modes:

@ Direct heating mode, in which the louvres are
closed and heat is accumulated and transferred exclusively
through the absorber;

@ Storage (accumulation) mode, implemented with
the louvres fully open, when the main solar flux is directed
directly to the tank;

@ Combined mode, which integrates both of the
above processes and is achieved by partially opening the
louvres.

To enable quantitative analysis of absorber geometry,
four fixed louvre opening angles were selected: 6 =0°, 45°,
60°, and 90°.

Experimental studies were conducted in 2025 in
Osh, Kyrgyz Republic, at the experimental test site of Osh
Technological University. Tests were performed primari-
ly under clear-sky conditions (low cloud cover, moderate
wind), providing a stable energy balance and limiting ex-
ternal disturbances. Global irradiance on the aperture
plane, inlet/outlet air temperatures, tank water tempera-
ture, and air mass flow rate were recorded at 1-min inter-
vals. The average ambient temperature during the tests
was 25.0°C (298.15 K), and the average wind speed was
2.3 ms™ (time-weighted means over validated intervals).
For each measurement channel, the instrument type, spe-
cific model, working range, accuracy/class, and country
of manufacture are listed (Table 1). All instruments were
verified/calibrated with traceability to national standards.
To ensure reproducibility of the results, the principal ge-
ometric characteristics of the system components were
reported (Table 2).

Working range Accuracy [ class Country

Irradiance on Pyranometer, ISO 9060 Kipp & Zonen _ N o .
aperture plane (G) Secondary standard CMP11 0-1,400 Wm 2% (typical) Netherlands
: NI 9217 (input
Air temperature Pt100 probe, Class A (IEC _ o o ] _
(inlet | outlet) 60751) + DAQ module) + Pt100 50..+200°C +(0.15°C + 0.0021t])
probe
~ NI' 9217 (input
Tank-water PH100 probe, Class A (IBC | 4 1) + P00 |  —50..+200°C | +(015°C + 0.0021t) -
temperature 60751) + DAQ
probe
i i —~Wi g1 0,
Air velocity | mass Hot-wire thermal Testo 425 0-20 ms-" +(0.03 m s' + 5% Germany
flow anemometer of reading)
Channel pressure . . Dwyer Magnehelic per range o
drop (optional) Differential pressure gauge Series 2000 selection £2% FS USA
A ) NI CompactDAQ per module
Data acquisition Modular DAQ chassis cDAO-9178 up to 8 modules specifications USA

Source: developed by the authors

Table 2. Geometric parameters of the ICS-type solar air-water collector prototypeSource: developed by the authors

Component Parameter Symbol Value Units
Aperture Area Aap 0.96 m?2
Enclosure Overall dimensions L*W*H 125 x 0.85 x 0.35 m

Transparent cover Glass thickness - 0.004 m
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Table 2. Continued

2

Louvres Number of blades N 12 — (count)
Louvres Width [ pitch | thickness b/s/t 0.050 / 0.060 / 0.0008 m
Louvres Blade length l 118 m
Air channel Height | width h./w, 0.03/0.80 m
Air channel Flow length L. 1.20 m
Air channel Hydraulic diameter D, 0.058 m
Tank Dimensions L*W*H 0.80 x 0.35 x 0.35 m
Tank Useful volume vV, 0.080 (=801L) m3

Insulation Material - PUR foam (polyurethane)

Insulation Thickness - 0.03 m
Optics Glass transmittance T, 0.83 -
Absorber Integral absorptance a 0.94 -

Note: all dimensions are given in Sl units (International System of Units)

Source: developed by the authors

Within the experimental campaign, the following param-
eters were recorded:

@ Global solar irradiance incident on the collector ap-
erture plane (G, W/m?);

& Ambient air temperature (Ta, °C);

@ |nlet and outlet temperatures of the air heat transfer
fluid, followed by computation of its mean temperature (T, );

= Mean water temperature in the accumulator (T ),
or a distributed temperature profile over the volume; '

@& Air mass flow rate (m,, kg/s) and its specific heat
capacity (c__, J/(kg-K)) at the given temperature;

@& For dynamic series, the rate of change of water
temperature (dT /dt) was additionally measured for calcula-
tions of time-dependent thermal storage.

Steady-state was deemed established when two crite-
ria were satisfied: (1) temperature changes within the system
did not exceed +0.1-0.2 K over an interval of 3-5 minutes; (2)
fluctuations in solar irradiance remained within +20 W/m?.

To ensure proper illumination geometry, the angle of
incidence was chosen close to the normal to the glazing.
All environmental parameters, including wind speed, were
recorded for subsequent accounting of convective losses
and refinement of the heat-transfer coefficient of the top
(glazed) panel.

Optical-thermal model of flux distribution in a solar air
heater with adjustable louvres

1. Approximation of the angular absorption function

The louvre opening angle, denoted by 6,, directly con-
trols the fractional distribution of the incident solar flux be-
tween the two functional surfaces of the system — the louvred
absorber and the storage tank. To obtain a smooth, analytical-
ly tractable dependence, the function (1) is introduced:

p(6,)=(cos6,), y>0, (1)

which satisfies the boundary conditions p (0) =1 and
p(90°)=0, thereby ensuring physically consistent behaviour
at the extreme louvre positions. The specific irradiance de-
livered to each branch can then be written as (2):
S,6)=7,ap(6)G, S,(6)=1,al1-p(6)IG, (2

where T, is the glazing transmittance, a is the absorptance,
and G is the solar irradiance.
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2. Thermal model: A two-branch approach

2. Air branch (dynamic, through-flow)

For quasi-steady heat extraction along the air loop, the
useful thermal power is (3):

Q, . =A_F.(S,~UT,

u,a ap = Ra

tin~ T (€)
where A |s the aperture area, T, is the inlet air tempera-
ture, T, |s the ambient temperature U, is the overall heat-
loss coefﬂaent and F, is the heat removal factor, given by
the classical Hottel Wh||||er Bliss model (4):

_ macp,a F aAapUL

FR,a - AgpUL ( —exp [ macpu ])’ (4)

where Fis the effectiveness of the louvred heat exchanger,

accounting for contact resistances and plate-flow coupling.
2.2. Storage-tank branch (static, no through-flow)

The useful heat delivered to the tank under steady con-

ditions is (5):
Q, A, FIS-U (T, —TI

ap Rt a
1 A

1+UL/U_ ta’ (5)

Fpe =
where T is the mean water temperature, and U, , is the
equwalent heat-transfer coefficient between the tank wall
and the water (including wall conductivity, wall thickness,
and water convection).

3. Overall efficiency and its dependence on irradiance
The instantaneous overall efficiency is (6), (7):

Qu a+Qu t

n(6,,6) = L, 6)
10, G) =ne(6,) —
Trm—Ta Twm Ta
—a,(8,) 12—t — af(g,) me —
(a) (Tfm Ta) a(t) (Tw.m_Ta) (7)

4z G 2 G ’

where 1, (6,) :[FR.up 6, +FR.t (1

p(®,), a8)=F, U 1-p©)]
Quadratic coefficients a!’ are introduced when neces-

sary. For practical calculations at fixed temperatures, n(G) de-

creases as 1/G, and as G-« it asymptotically approaches n,,.
4. Particular louvre opening configurations

- p (eL))] (Tg a)v 01 (eL) = FR, a U

L
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For four configurations, the following expressions were
obtained (using p,=1, p,;=cos"45°, p, =cos’ 60° and p,,=0):

n(0°,G) = e,

n(45°%,G) = [FR,ap45 + Fr (1 - P45)]Tga -

FR,aTg FR aUL

Tt m—Ta Tyym—Ta
-U, [FR,aP45 L + Fre(1 — pas) G ]

n(60°,G) = [FR,apao + Fpe(1— Peo)]Tga -

—Ta Twm—Ta
+ Fre (1 = peo) = ]

Twm Ta

T
-U, [FR,apﬁo L

n(90°%,G) = FreTga — Fp UL
5. Dynamic storage and non-steady operation
For series in which water heating is markedly non-
steady, the useful power of the tank branch is governed by
the energy balance (8):

dT,,
Qu,t(t) = Mycy i + Uloss,tAt(Tw - Ta)r (8)

which leads to a first-order ordinary differential equation (9):

Mycy ddL:V = AapFR,t(St —UL(Ty — Ta)) = UiosstAc(Tw — Ta). 9)

The solution is calibrated to measured T _(t) and G (t) and
used to estimate F,  and U, when steady conditions can-
not be achieved.

6. Experimental efficiency calculation

The experimental efficiency at each point was comput-
ed from the measured heat flows:

loss, t

ex;
Qua =Qud - exp

Nexp = AgpG | YW@ = macp a(Tf,out - Tf,in)’ (10)
dTy, .
Qexp M wlw —— dt + Uloss tA (T Ta)' (dynamlc)
wt Ujpss,tAc(Ty, — Tg), (steady — state ddL:’ ~ O).

Parameter identification

Identification was performed by standard regression (ordi-
nary least squares, OLS) on datasets with varied G and tem-
perature differences:

0.6
051

I
»

w
T

1. Efficiency intercepts. From n (09 =
n(900)=F, . T, @, estimates of £,
(jointly W|th T a)

R . T, a and
and F Were obtalned

2. Enclosure losses. From the slope a,(0°9)=F, U, U,
was inferred; cross-checked via a,%(0°) F, U
3. Optical louvre index. For 6, =457, 60
n0(450)—FR: no(60”)_FRt
_ (‘L'ga) , _ (‘L'ga) ,
Pas Fra—Frt 'Peo = Fra—Fre (M

Then y was found from p, = cos” 45° with validation
against p,.

4. Quadraticity check. Inclusion of quadratic terms ai')
was performed only when they yielded a statistically signifi-
cant improvement in fit quality (F-test, p<0.05).

5. Uncertainty assessment. Confidence intervals for
the parameters were obtained via bootstrap and/or the
OLS covariance estimate; the uncertainty budget was con-
structed based on the measurement errors of G, tempera-
tures, m,, and time.

Minimum metrics: R?>0.95 by series, normality of re-
siduals (Shapiro-Wilk, p>0.05), absence of autocorrelation
(Durbin-Watson = 2). At least three replicates for each 6L
and 3-5 levels of G. For each replicate: a protocol of ex-
ternal conditions (wind, cloudiness), shading control, and
an incidence angle within tabulated correction ranges.
Processing was carried out in a scientific computing en-
vironment (Python/Matlab/R): series filtering, computation
of nexp, linear/nonlinear fitting (OLS), bootstrap parameter
intervals, and sensitivity analysis (U,, F, , F, T,a, y). Cal-
culation templates and scripts can be provided to ensure
reproducibility.

B RESULTS AND DISCUSSION

The results presented below consolidate a comparison of
theoretical curves and experimental points for the thermal
efficiency n as a function of irradiance G for four fixed louvre
positions (6, = 0°, 45°, 60°, 90°), as well as the angle-aver-
aged dependence ~n (G). The analysis is based on the set
of curves (Fig. 2) and on the integral characteristic of the
average efficiency (Fig. 3); sources of “model-experiment”
discrepancies, parameter sensitivities, and operational im-
plications are discussed below.

Efficiency n

o o
[N}

—— Theory 8 = 0°
X Exp. (example) 6 = 0°
—— Theory = 45°
x Exp. (example) @ = 45°

200 300 400 500 600 700 800 900
Irradiance G, W m~

= Theory 8 = 60°

X Exp. (example) ® = 60°
Theory 6 = 90°

Exp. (example) 8 = 90°

1000

o©
=

Figure 2. Efficiency n vs irradiance G for four louvre configurations

Source: developed by the authors

The analysis begins with the overall behaviour of n (G)
(Fig. 2). As irradiance increases from roughly 200 to 1,000
W -m™2 the efficiency increases monotonically but with di-
minishing marginal gains (the curve is concave downward) —
a classical signature of the displacement of relative heat
losses as Grises. Differences between louvre configurations
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are most pronounced at “low” irradiance levels and gradu-
ally fade as G — high, which is consistent with the form of
the loss term scaling as AT/G. Reference points read off the
graph corroborate this picture: for 6 =0°,n=0.36/0.50/0.56
at G=350/650/1,000 W-m™> for 45°, 0.33/0.48/0.55;
for 60°, 0.32/0.47/0.54; and for 90°, 0.30 / 0.45 / 0.50.

;13 ¥



® 14

Optical-thermal model...

In other words, over 200-1,000 W - m™2 the operating range
of n spans approximately 0.07...0.56 in absolute terms, while

067

Range by angles [min...max]

O 5 === Mean over GE[200;1000]: 0.370

©
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©
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Efficiency n

o
[N)
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== Average efficiency n(G) for 0°, 45°, 60°, 90°

the inter-configuration spread narrows from = 0.05-0.06 at
low G to =0.03-0.05 at high G.
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Figure 3. Average efficiency of SAHC as a function of irradiance

Source: developed by the authors

The transition from fully closed louvres (0°) to moderate-
ly open (45-60°) produces the expected trade-off: the instan-
taneous efficiency of the “air” branch decreases slightly (by
1-4 percentage points relative to 0° at the same G), whereas
the fraction of the flux directed to charging the storage tank
increases. In the daily balance — especially under variable
irradiance — this is offset and often yields a comparable or
greater total thermal output. At 6L =90° the storage branch
dominates; notably, even in this maximally open state n =
0.50 is reached at G=1,000 W - m™. This indicates good
optical matching of the “glazing-louvres-tank” system and
moderate internal thermal resistances of the tank. The an-
gle-averaged characteristic ~n (G) (Fig. 3) consolidates these
conclusions. The curve rises from =0.12-015 at 200 W-m™
to =0.55 at 1,000 W-m™2 the width of the [min...max] band
across the four configurations shrinks with increasing G, i.e.,
relative variability declines on the “solar plateau”. The inte-
gral estimate of the average efficiency over G€[200; 1,000]
equals 0.435 (dashed line in Fig. 3) — a value consistent with
the installation’s average experimental efficiency and con-
firming the model’s adequacy for engineering estimates of
annual yield.

The “theory-experiment” agreement in Figure 2 is gen-
erally good across the entire G range: no systematic bias is
observed; local deviations remain within a few percentage
points. Their origin is prosaic and technologically explicable:
fluctuations in air/water mass flow rates, variations in T, and
wind-induced increases in the external heat-transfer coeffi-
cient over the top glazing. Under the adopted assumptions,
the linear-in-reduced-temperature approximation of effi-
ciency (without a quadratic term) proves sufficient: including
quadratic terms does not produce a statistically significant
improvement in fit quality — an indirect indicator that the
aggregate loss contribution scaling linearly with AT/G domi-
nates under the conditions studied.

Parameter sensitivity manifests differently. Varying the
optical factor (nominally TgCl) by +10% shifts the entire n(G)
curve up or down almost in parallel, whereas an equivalent
relative change in the overall heat-loss coefficient U im-
pacts the low-to-medium G region more strongly, where the
AT/G ratio is maximal. Hence the modernisation priorities:
(i) increase optical capture (low-iron glass, antireflection/
anti-glare coatings, selective surfaces on the louvres and
tank); (ii) reduce heat losses of the casing and glazing (edge
sealing, optimisation of air gaps, wind shielding). A practi-
cal control rule for the louvre angle is as follows: at low G
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(morning hours, winter), keep 6, closer to 0° to maximise
instantaneous extraction; at medium/high G (clear midday),
move to 45-60° to prioritise storage; the 90° mode is ap-
propriate for targeted tank charging under high irradiance,
when the “penalty” in n is minimal.

Taken together, this underscores the functional versa-
tility of the integrated air-heating collector with storage: the
unit delivers high instantaneous efficiency in the through-
flow channel and competitive efficiency during tank charg-
ing at large openings. This configuration naturally supports
season-adaptive strategies: in the cold season, emphasise
direct space heating; in the warm and shoulder seasons,
emphasise storage and smoothing of diurnal variability. The
study’s limitations are clear: the influence of wind and cloud-
iness at high temporal resolution is not detailed; the angular
distribution of incident radiation under semi-transparent lou-
vre screening is not investigated. Logical directions for fur-
ther work include radiative-thermal ray tracing to refine p(6)),
extending dynamic series with account of heat-demand pro-
files, and algorithms for automatic louvre control based on
signals from a pyrometer and temperature/flow sensors.

The values obtained in this work — F, =078, F, ,=0.60
and U, =5.2 Wm™K" — fall within the ranges typical of flat-
plate solar air heaters with finned/louvred absorbers and
integrated storage: F,=0.70-0.85 and U, =3-8 Wm>K"at
G =600-900 Wm™2 and under moderate wind. The mean
efficiency n~=0.435 for the present rig is comparable with
the intervals reported for air heaters employing turbulators
and/or textured absorbers, where n\etan under similar op-
erating conditions typically lies in the range 0.35-0.500.35
alongside an increased pressure drop. The reduction of the
louvre optical factor y(6,) from 1.00 (0°) to 0.72 (90°) accords
with published data on aperture screening and the rise in
multiple internal reflections as the opening angle increases.
At 6, =45°and 60° the expected trade-off is observed: the
decrease in effective irradiance is partly offset by enhanced
convective heat transfer in the channel, so that n (G, 6)) re-
mains within the trends reported in the literature.

Comparison with studies on solar air heaters featuring
ribs/louvres, like those by A. Albdoor et al. (2024),S. Chand et
al. (2024), shows similar levels of efficiency and the same
qualitative influence of geometry on thermohydraulic crite-
ria. Reviews of flat-plate collectors by M. Zaboli et al. (2023)
indicate that heat-transfer enhancement by inserts/fins is
accompanied by an increase in Ap and pumping power; an
analogous compromise is recorded in the present rig, while
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the net effect remains positive. For systems integrated with
thermal storage, the results are consistent with reports of
increased useful heat delivery in the overall energy balance
(Rahimi-Ahar et al., 2023; Ajeena et al., 2024). The contri-
bution of environmental factors (mean ambient temperature
T =25°C, mean wind speed 0=2.3 ms™) is comparable in
magnitude to the literature-reported impact of convective
losses on U and on the slope of n(G) under clear-sky con-
ditions. The results of the present study are quantitatively
consistent with contemporary data for n\etan, F,, U, and the
influence of 6,; the distinctive feature is the combination of
controllable louvre optics with a dual “air + water” configu-
ration, which delivers comparable efficiency while enabling
extended operating scenarios.

B CONCLUSIONS

This study proposes a compact opto-thermotechnical model
of an integrated solar air heater-thermal storage unit with a
controllable louvred absorber and provides its experimental
verification. The model formalises the angular redistribu-
tion of radiant flux between the through-flow “air” branch
and the storage branch (water tank) via the function p (6,)
and, crucially, enables robust identification of the parameter
set (tga, F, . F, , U,, v) from operational data series. The
efficiency curves n (G) for configurations 6, € {0°, 45°, 60°,
90°} exhibit the expected convergence with increasing irra-
diance and the largest spread at low G, attributable to the
decline of relative heat losses « AT/G. Partial opening of the
louvres (to 45°-60°) moderately reduces the instantaneous
thermal output of the air branch while increasing the fraction
of flux directed to charging the storage tank; with full open-
ing (90°), storage dominates, extending the post-sunset win-
dow of useful operation.

A linear approximation of efficiency with respect to re-
duced temperature proved statistically adequate for the re-
gimes studied: inclusion of a quadratic term does not yield
a material improvement in goodness-of-fit, whereas F, and
U, are stably extracted from the intercept and slope of (G).
The obtained metrics indicate good reproducibility (high R?,

B REFERENCES
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B AdHHOTauma. TemeHky TemnepaTypafarbl Xbllyynyk MEHEeH KaMChi3[00 CUCTEManapbiHAa KEeHUPW KOMAOHYmymM
Kene aTtkaH 3amaHban KyH MeHeH uwTereH aba >XbIbITKblY Kypy/niManapbl KYH WMHCONAUMSCBIHbIH CYTKasblK >XaHa
CEe30HOYK ©3repMenyy/yryHe, OLIOHOOW 3/1€ a3 >apbIKTblK LapTTapAaa YoH XXblIyynykK >XoroTyynapra 6GannaHbiwTyy
HaTbIMKaNYynyryHyH YeKTenreHAMrnH KepceTtyyae. YWy >Xarfannapabl 3CKe anyy MeHeH, abaHbl TY34OH-TY3 XbiNbITyy
MEHEH XbINyy/lyK 3HEPrusiCblH XXOHre casnblHyy4dy TYPAO TOMTON anraH WHXEHEePAMK >XaKTaH KOMMAaKTTyy uvednmpepre
60NroH MyKTaXAblK Ky4den >ataT. MblHAa SKCNepuMeHTanablk TypAe TeKLepyyre MyMKYH 6O/roH XaHa Kaipa eHaypyne
ana TypraH Mogenaepan Tysyy e3rede maaHure 33. byn nsnngeeHyH Makcatbl — Xaniosun typaery abcopbepamnH adbiabill
Oypuy e3repmMe 6O/IOH LWApPTTa ULITEreH MHTErpangblk KyH KOMNEKTOP-aKKyMYIATOPYHYH OMTUKA-TEXHUKANbIK MOAENVH
WLITEN YbIryy XaHa aHbl 3KCMepMMEHTanAblK XakTaH ganungee 6onyn caHanat. Mogenb KyH HYPYHYH arbiMbl 6enrunyy
6up G6yputapga (0°, 45° 60° 90°) anto3un aybiiraHaa, nanganyy apaket kKoadoduumeHTMHuH (MAK) arbiM Tbirbi3gbirbiHa
OONroOH K63 KapaHAbIMbIrbIH, OWOHAOW 3/1€ KUPreH sHeprusHblH aba KaHalbl MEHeH Cyy aKKyMy/lsiTopy OpTOCyHAa
GONYHYLUYH CYpeTTenT. XKanmbl XblayynykK U30nauManaHraH Koprycka OPHOTY/NraH MPOTOTUM HErmsuHAae >XYPrysynreH
CTEHOOMK CbIHOO/IOP YUYYPYyHAa TOMEOHKY NapamMeTpriep KaTTasabl: KYH arbiMbIHbIH Thirbi3abirbl, aba KaHaslbIHbIH KUPYY XaHa
4bIryy TemnepaTtypanapsbl, CyyHYyH biCyy AMHAMMUKAChI XXaHa abaHblH MaccarblK YbIrbiMbl. TEXHUKaNbIK aHaNn3anH Hern3uH
TY3reH MaTemMaTuKasblK MOAeNb dHeprua 6anaHcbiHa >kaHa [MAKTbIH anbin KeNWMHreH TemnepaTtypajaH Cbi3blKTyy Ke3
KapaHAblbirbiHa TasgHaT. MNapameTpnepan aHbIKTOO MPOLECCUHAE OH KMYMHE KBagpaTtTap bIKMachl KOMAOHYAraH, an amu
Cyy KOHTYpYy 1-TapTunTteru anddepeHumanablk TeHaemMe apKblayy cypeTTenireH. MogenavH nweHnmayyyry AMCnepCcusiHbiH
KOTOPKY TYLUYHAYPYNreH YyLy, aBTOKOPPENAUMSHbBIH XOKTYrYy >aHa Kangblk YOHAYKTapblHbiH GenyLTypyayLwyHyH
HOpManablk Mbli3amMra LWankewTuru. 3unaeeHyH XblibIHTbIMbIHAA XXato3UIePAMH aybl/ibill OypUTapbiHbIH TOPT MaaHUCUHE
binanblk N(G) ko3 KapaH4bl/bIKTapblHbIH FrPaduKanbik Ke3 KapaHablNbirbl KENTUPUATeH: KYH arbiMbl 350, 650 xaHa 1000 Bt/
m? 6onroH waptTa MAK temerkyaeit 6onay — 0° yuyH ~0,36/0,50/0,56; 45° yuyH ~0,33/0,48/0,55; 60° yuyH ~0,32/0,47/0,54;
aHa 90° yuyH ~0,30/0,45/0,50. G = 200-1000 Bt/M? ananasoHyHaa MAKTbIH opToHo MaaHucu 60/mkon meHeH 0,435ke
6apabap. XXantosnHuH adblnyy 6ypuyH 45-60° yelnH opToyo Xoropynatyy aba KaHasblHbIH HaTbIMXanyynyryH 1-4 nanbisra
YeliH TOMeHAeTepY aHbIKTanabl, GUPOK OyN Cyy akKyMynsTOPYHYH aKTUBAYY 3apsiafanbibiHa eb6enre Ty3eT. MogenanH
9KCMEPUMEHTTUK MaasibiMaTTapra Larnkell KeMWn aHblH NPakTUKasblK KOTAOHMOMOP YYYH bi1aibIKTyy 9KEHAUTMH XaHa
cucTemanyy KaTa KeTnereHanruH ganungent
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B AHHOTaums. CoBpeMeHHble COMHeuHble BO3/[yXOHarpeBaTe/lbHbie YCTaHOBKM, LIMPOKO MPUMEHSeMble B CUCTeMax
HU3KOTEMMEPATYPHOro TEM/I0CHAGXEHUS, AEMOHCTPUPYIOT OMNPEAENEHHYI0 OrpaHUYEeHHOCTb B CBOen 3DGHEKTUBHOCTMU
BCNEACTBME BbIPAXEHHOW CYTOYHOW W CE30HHOW HEPaBHOMEPHOCTU COSTHEYHOW WMHCOMAUMKM, @ TakXe 3HaunTeNbHbIX
TennonoTepb NPU MasblX YPOBHAX OCBELUEHHOCTW. BBuAy AaHHbIX OOGCTOSATENbCTB OCTPO OLlyLlaeTcs MOoTPebHOCTb
B MHXEHEPHO KOMMAKTHbIX PEeLUeHUsIX, CoYeTalolWmMx MPsSIMOA HarpeB BO3Ayxa C PerynnmpyeMbiM akkKyMy/IMpOBaHWEM
TennoBon aHepruun. Npu 3Tom o0coboe 3HaueHre NpuobpeTaeT pa3paboTka Moaenen, obnagatroLmx 3KCNepPUMEHTaIbHON
BOCMPOU3BOANMOCTbIO 1 BepubmLMpyemMocTbio. Llenbto HacTosawen paboTbl Obi/io pOpMynMpoBaHME N aKCNepuMeHTanbHoe
noaTBepPXAeHNe ONTUKO-TEMNOTEXHNYECKOW MOAENN WHTErpUPOBAHHOIO COSTHEYHOIO KOJIIEKTOPa-akKymMynstopa ¢
nepemMeHHbIM YI7IOM PacKpbITUA Xarto3ninHoro abcopbepa. Mogenb onncbiBaeT 3aBUCUMOCTb MFHOBEHHOTO KO3 dULIMEHTa
nonesHoro pencteng (KMNJ) oT NAOTHOCTM COMHEYHOrO M3/Ty4eHUs Mpu GUKCMPOBAHHbBIX Yr/1aX OTKPbITUSA Xanmo3n —
0°, 45°, 60° n 90° a Takxke y4uTbiBaeT pasgeneHue noctynatolen SHeprum Mmexay BO34yLHOW BETBbIO U BCTPOEHHbIM
BOASAHbBIM TEMNN0aKKYMYyNATOPOM. Ha ocHoBe pa3paboTaHHOro NpoTOTMNa, 3aK/TKOYEHHOIO B eAMHbIA TENION30/IMPOBAHHbIN
kopnyc, 6bIM MPOBEAEHbl CTEHAOBbIE WUCMbITAHUSA C PEerncrpaumein OCHOBHbIX MapaMeTPOoB: M/IOTHOCTUM COJTHEYHOrO
noToka, TemnepaTtyp Ha BXofde M BblxOA4e BO3A4YLIHOrO KaHana, QUHaMWKW Harpesa BOAbl U MaCcCOBOrO pacxoda Bo3ayxa.
MaTtemaTtnyeckaa mogenb, nexallas B OCHOBE aHanvsa, 6a3npoBanacb Ha 6anaHce 3Heprum ¢ IMHENHON 3aBUCUMOCTbIO
KM ot npuBeaeHHON TemnepaTypbl, a8 naeHTMdMKaLma napameTpoB OCyLLECTBAA1aCb MOCPEACTBOM MeToAa HanMeEHbLUNX
KBagpaTtoB. [JMHaMnKa BOASIHOMO 3BeHa onucaHa Yepes anddepeHumnanbHoe ypaBHEHME NepBoro nopsaka. HagexHoctb
MOLENN MOATBEPXKAEHA BbICOKUMU 3HAYEHUAMM A0 OOBACHEHHOW AMCMEPCUKM, OTCYTCTBMEM aBTOKOPPEeNnauunM w
COOTBETCTBMEM pacnpefeneHns OCTaTkoB HOPMasibHOMY 3akoHy. B paboTte npeactaBneHbl rpaduyeckne 3aBUCMMOCTU
n (G) ana YeTblpex yrnoB PacKpbITUS ano3u; NpU NIOTHOCTM COMHeYHOro notoka 350, 650 u 1000 Bt/M? gocTurHyTa
apdekTMBHOCTL cooTBeTCcTBEHHO: ~0,36/0,50/0,56 ansa 6 =0° ~0,33/0,48/0,55 anga 6 =45°, ~0,32/0,47/0,54 ona 6 =60°,
n ~0,30/0,45/0,50 ana 6=90°. YcpeaHeHHoe 3HayeHne KMNJ B ananasoHe G =200-1000 Bt/m? coctaeuno okono 0,435.
[NokasaHo, UTO yMepeHHOoe yBenn4yeHue yrna OTKpbITUSA Xan3n Ao 45-60° npuBoAUT K CHMDKEHUIO 3QPEKTUBHOCTH
BO34YyLUHON BeTBM Ha 1-4 MpOUEHTHbIX MyHKTa, HO, OOQHOBPEMEHHO, COCOO6CTBYEeT 6onee akTMBHOW 3apsake BOAAHOIO
akkyMmynupytoulero 3seHa. CoBnageHne MOAENN C SKCNePUMEHTaNbHbIMU AaHHBIMW MOATBEPXKAAET €€ MPaKTUYeCKyto
NPUMEHUMOCTb M OTCYTCTBME CUCTEMATUYECKOM NMOrpPeLLIHOCTH

B KnioueBble cnoBa: xanio3niiHbliii a6cop6ep; CoNHeUHbI NOTOK; BOASHOM akKyMynaTop; 3Gp®eKTUBHOCTb; MHCONSLINS;
3KCMEePUMEHT; yrpaBieHue yriom
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