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Abstract: Combined natural convection and surface radiation from two horizontally aligned cylinders at unequal surface
temperatures in a vented square enclosure are solved numerically. A two-dimensional turbulent finite-volume model couples
the k—o SST closure with surface-to-surface radiation using ANSYS Fluent Software. The left cylinder is held at a constant
lower temperature and the right at a higher, variable one, while a constant inlet velocity at the bottom vent keeps the flow
natural-convection-dominated. The model reproduces 18 experimental cases with a mean error of and a maximum of . Sweeps
cover Rayleigh numbers from , opening ratios from , spacing ratios from , and surface emissivity from . Emissivity is the
controlling parameter. Raising it from increases the total Nusselt number by for the left cylinder and for the right, while the
convective contribution changes by less than . Convective transfer peaks near an opening ratio of and at the smallest spacing,
whereas the total Nusselt number is highest at the tightest opening, where trapped hot air raises the radiative share. Radiation
supplies of the total at and — at unit emissivity, so a convection-only model under-predicts by the same margins. The current
arrangement is of significant interest for numerous applications in electronic housings, heat exchangers, and renewable energy
fields including solar receiver cavities, flat plate solar collectors, and photovoltaic thermal solar systems.

Keywords: Natural convection, surface-to-surface radiation, vented square enclosure, aligned cylinders, Nusselt number,
Rayleigh number, surface emissivity.

1. Introduction

Various techniques exist to improve natural convection heat transfer, including attaching fins to a surface
[1], optimizing the geometry of a vented enclosure [2, 3], and placing internal bodies that disturb the flow and
enhance heat transfer [4]. Natural convection is especially important in low-power and low-pressure thermal
systems, with coupled radiation—convection applications in heat exchangers, building HVAC, electronic cooling,
and solar collectors [5]. In vented enclosures, conduction in the solid, natural convection in the fluid, and surface
radiation at the walls act together [6, 7], and vent configuration together with internal cylinder placement strongly
affects the thermal field [4].

Improving natural convection through surface thermal radiation is a critical aspect of thermal engineering,
with wide applications in building HVAC systems, industrial heat exchangers, and electronic device cooling [5].
Passive thermal strategies that couple radiation with natural convection can enhance heat-transfer efficiency and
reduce reliance on mechanical heating or cooling [5]. Once the surfaces are even moderately emissive, radiation
can carry close to half of the total transfer [5].

These mechanisms govern the performance of several renewable-energy devices. In a solar cavity
receiver, the buoyant exchange carries away the concentrated flux that the aperture is intended to retain, so its
suppression directly affects the receiver efficiency [8, 9]. In a phase-change storage module the same exchange
determines the charging and discharging rate [10]; in the air gap of a flat-plate collector and behind the absorber
of a photovoltaic-thermal panel it sets the useful gain and the cell temperature; and in an electronics cabinet, it
determines the operating temperature [11]. Silent and maintenance-free operation is more valuable in these
applications than the additional capacity that a fan would provide.

Each of the three parameters swept here corresponds to a choice that a designer of such a device makes.
The opening ratio is the aperture area of a receiver cavity or the vent area of a storage module, and it is fixed when
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the housing is built [8, 10]. Inside that housing, the spacing ratio is the pitch of the absorber or heat-exchanger
tubes [12, 13]. The surface emissivity is the coating specified for those tubes, and it can be changed after the
geometry is fixed, at low cost and without altering the flow path [4, 14]. Determining which of the three controls
the total heat transfer, and how much of it radiation carries once the surfaces are no longer polished, is therefore
relevant to the selective coatings used on receiver absorbers and to the decision to insulate or to ventilate a storage
enclosure [5, 9].

A horizontal cylinder inside a vented enclosure is the canonical element of this class, standing in for
absorber tubes inside a receiver cavity, for heat-exchanger tubes, and for heated electronic components. Cavities
of this kind are also studied as renewable-energy components in their own right, and a ventilated cavity carrying
an internal rotating body has been optimized as the hot side of a thermoelectric generator [15]. Vent-driven
through-flow lifts its average Nusselt number well above that of a free-standing cylinder, by 20% to 85% over
Rayleigh numbers from 103 to 10° [16]. The gain survives when a forced inlet drives the cavity into the mixed-
convection regime [17, 18]. Opening size determines how much of it is available. A narrow lower vent keeps the
cavity buoyancy-driven, while a wide one admits enough momentum to make the flow mixed [16]. Many devices
carry two tubes rather than one, and condenser—evaporator pairs run them at different temperatures, so cooling
one body and heating its neighbor become a single coupled problem. A second cylinder adds a plume interaction
that the opening ratio O = o/L and the spacing ratio S = s/L jointly control [12, 19].

Work on this configuration separates by how many bodies the cavity holds and by whether those bodies
share a temperature. Single-body vented studies fix the sensitivity of Nu to opening size and regime, though
several of them use a square section rather than a circular one [17, 20]. Outlet placement matters as much as
opening size. With the outlet set high on the wall Nu climbs almost linearly with Ri, whereas a central or low
outlet drives it down to Ri = 2.5 before it recovers [17]. Two-body vented studies then sweep O and S together
at matched conditions, agreeing on Nu rising as the opening widens [12, 19], with the narrower spacings optimal
near S = 0.375 [19]. Making the inflow and outflow areas unequal is worth a further 10% to 20% [21], and how
many vents the cavity carries, and where they sit, weigh as heavily as how large they are [22]. Sealed cavities
remove the through-flow and isolate the plume interaction, so the spacing dependence is clearest there. Spacing
raises the time-averaged Nu while conduction still dominates and ceases to matter at high Ra [23], and the
arrangement of the pair also decides whether the flow remains steady at the highest Ra [24]. Charging the same
sealed pair with a CuO-water nanofluid raises Nu with the particle loading, by 0.5% to 5% at loadings up to 1%
[25]. Table 1 sets out the studies, their swept ranges in the present notation, and what each reports.

Table 1: Prior studies of convection from one or two horizontal bodies in vented and sealed square enclosures.

. . Opening
Sudy | Coniguration | Comveetion | ¢ (g | POIUICIET | yjepoq Key finding
ratios
Numerical,
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[20] not a difference, ~ 17 at the widest
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Outlet height
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et . . . 0=0.1 Numerical, .
al. (2011) side walls; one Mixed (fixed) Re 50— FDM .Nu rises almost
[17] square body 200 linearly; set central
or low, it falls to Ri =
2.5 before recovering
0=0.2;
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al. (2025) | heated; CuO- Natural 0.375; volume FVM, 5% over water at
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Two limits of this body of work carry over to the present problem. Every entry in Table 1 is convection-
only, so not one of them reports a convective and a radiative Nusselt number separately. The differentially heated
pair fares little better: the configuration of a condenser—evaporator arrangement reduces to a single validated
mixed-convection benchmark [26], one experimental natural-convection dataset [27], and one sealed cavity [28].
Spacing and opening are therefore well characterized, and the thermal asymmetry between two bodies is not.

Neglecting radiation is defensible only while the surfaces stay dark. Convective transfer scales with the
temperature difference Ty — T,..r, whereas radiative exchange scales as eo(Td — Tr‘*ef) through view factors
between the participating surfaces, so the radiative share climbs with emissivity and with absolute temperature
until it rivals the convective share [5]. One consequence is easy to miss: as emissivity rises the convective Nusselt
number need not fall, but may hold nearly flat or even increase, while the radiative part lifts the total [2, 29].
Studies that couple the two modes are collected in Table 2.

Table 2: Prior studies of combined natural convection and surface radiation in cavities and cylinder-in-enclosure

configurations.
Geometry and Surface Rayleigh Radiation .
Study internal body emissivity number model Method Key finding
Convective Nu is
nearly
independent of &
Vented while radiative
Ali and square: one Numerical, | and total Nu rise
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300% at low Ra
and 25-125% at
high Ra
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cavity of 1.075%10¢ finite- between 32%
Prasad et aspect ratio 2, ( t-he sinole volume- and 60% as €
al. (2018a) vented at the 0.05-0.95 value ev% Radiosity | based finite | rises, depending
' 2] top of the ’ ’ result isry method difference, on where the
right wall; computed at) stream source sits, with
two heat p function— convective Nu
sources flush vorticity near-flat and
with the walls radiative Nu
near-linear in €
. Radiative
Numerical,
fini transfer matches
10 inite- convective at
Right-side . volume- .
Prasad et (the single . . high ¢;
open square Radiosity | based finite .
al. (2018b) o 0.05-0.95 value every . convective Nu
3] cavity; heated result i method difference, falls as radiative
left wall stream .
computed at) function— Nu rises, and a
. larger opening
vorticity raises both
Sealed square _ .
Ridouane cavity, heated 0.05; 0.85 Numerical, I?;lgiztltgznczrgg s
from below (active and . FDM, ADI .
et . 5 s | Radiosity . . of the total at € =
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Geometry and Surface Rayleigh Radiation .
Study internal body emissivity number model Method Key finding
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(2014) internal body SIMPLER ’
[32] roughly doubles
ate=0.8 and Ra
10°
Numerical Radiative Nu
Kuznetsov | Sealed square Net FDM ’ rises about 4%
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convective Nu
can rise with ¢
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rectangular the total Nu
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Sadaoui et with a flat (cover, Radiosit control- convection
al. (2016) cold cover absorber and 103-107 metho dy volume, exceeding
[34] over a side walls, SIMPLER, | radiation at low
sinusoidal hot separately) QUICK Ra and the order
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Convective Nu
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. _y radiative Nu rises
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(2015) cavity of 0.05-0.85 9.2x10¢ method SIMPLE, temperature
[36] aspect ratio 2; (modified TDMA sharply,
a heat- Ra, set by the convective Nu
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Geometry and Surface Rayleigh Radiation .
Study internal body emissivity number model Method Key finding
generating volumetric falling as
strip in the source rather radiative Nu rises
conducting than a wall with &
left wall temperature)

Radiation therefore changes the total heat transfer by amounts that a convection-only model cannot
recover, and the mode split is reported often enough to be treated as standard practice. Several entries come from
solar thermal work directly: an inclined sinusoidal solar collector heated from below [34], and an open cavity of
the class used to represent a central-receiver aperture [31], a configuration that the same group later analyzed as
areceiver [9]. None of the studies in Table 2 includes a second immersed cylinder. Every one of them is an empty
cavity, a wall-mounted heat source, or a single immersed body, and only one of them is a vented enclosure that
holds a cylinder [4]. That study used a fixed vent geometry, and it treated neither the plume interference between
two bodies nor the asymmetry of a hot—cold pair.

Tables 1 and 2 cover the two halves of the present problem separately, and no study covers them together.
The convection studies show how O and S govern the flow around an aligned pair. The radiation studies show
that surface exchange can dominate the total transfer once the emissivity is appreciable. No published work has
combined two aligned cylinders held at different temperatures, a vented square enclosure with O and S both swept,
surface-to-surface radiation over a range of emissivity, and convective and radiative Nusselt numbers reported
separately for each cylinder. The isolated results cannot be added together, because radiation changes the surface
and plume temperatures that drive the buoyant flow, and the flow in turn changes the view factors and the surface
temperatures on which radiation depends. The two modes are coupled and must be solved together.

Closing this gap is the purpose of the work reported here. A two-dimensional CFD model based on the
Boussinesq approximation, k—w SST turbulence closure and a surface-to-surface radiation model is applied to
two aligned horizontal cylinders in an air-filled vented square enclosure, with C; held at a constant temperature
and Cg at a higher, variable one. Validation uses the experimental measurements of Alomar et al. [27] for the
same geometry. Reporting the convective and radiative split on each cylinder, rather than one combined Nusselt
number, shows when radiation overtakes convection and how the two bodies share the thermal load. The split also
matters in design: the convective share is governed by the vent opening and the internal spacing, both fixed when
the enclosure is built, whereas the radiative share is governed by a surface finish that can be specified
independently of either. The objectives are:

1. Validate the numerical model against the published experimental measurements of Alomar et al. [27]
for C; and Cj in a vented square enclosure.

2. Determine the combined effects of the opening ratio O, the spacing ratio S, the surface emissivity &,
and the Rayleigh number Ra on the flow topology and the thermal field.

3. Compute the area-averaged convective and radiative Nusselt numbers (Nucony, NUgqq) on € and
Cg, and quantify the Qcypny 10 Qreq partitioning.

4. Identify the geometric and thermal combinations that raise total heat dissipation under coupled
convection and radiation.

Section 2 sets out the methodology, Section 3 presents and discusses the results, and Section 4 states the
conclusions.

2. Methodology
2.1 Physical Problem and Computational Domain

Two horizontal cylinders of equal diameter D occupy the horizontal mid-plane of a square vented
enclosure of side length L. C; is maintained at the lower surface temperature T} ; Cy is held at the higher surface
temperature Ty. Air enters through a bottom vent of width o and exits through an identical top vent on the opposite
wall.

The computational domain is geometrically similar to the experimental rig of Alomar et al. [27]. All
linear dimensions are scaled by a factor of 200/171 to produce a 200 mm square enclosure while preserving the
opening ratio O, the spacing ratio S, and the diameter ratio D,, = D /L. The cylinder diameter in the scaled domain
is D = 33.33 mm (D, = 0.167). Figure 1 shows the domain geometry.
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Figure (1): Schematic diagram of the vented enclosure computational domain.

Both cylinders are positioned s/2 from the enclosure centerline, keeping the pair centered horizontally.
The top and bottom boundaries each consist of solid wall segments flanking the central vent, while the left and
right boundaries are fully solid.

The domain is treated as two-dimensional because the experimental rig has a spanwise depth W, =
370 mm and a cylinder diameter of 28.5 mm, yielding a spanwise depth-to-diameter ratio of = 13. Each cylinder
measures 400 mm and runs past the duct walls into end supports, so the flow-bearing span is the shorter of the
two. At this aspect ratio, three-dimensional end-wall effects are confined to regions near the lateral faces and do
not reach the mid-span plane [37, 38]. Nu trends with respect to O, S, €, and Ra are well-captured in two
dimensions: the cylinder diameter exceeds the conductive boundary-layer thickness at all tested Ra, and the high-
aspect-ratio vent geometry suppresses corner vortices that would otherwise break two-dimensional symmetry.
The two-dimensional formulation reproduces the reference measurements to within the maximum comparison
error reported in Section 3.1.

2.2 Governing Equations and Fluid Properties

The mathematical model assumes the flow is steady, two-dimensional, incompressible, turbulent, and
buoyancy-driven. The specific heat capacity (c,), dynamic viscosity (1), and thermal conductivity (kf) of air are
taken as the domain-averaged values reported from the converged CFD solution for each case, while density
follows the Boussinesq approximation (AT « 1) in the buoyancy term. Its validity for air extends to AT <
28.6°C [39], well above the maximum AT of 18°C reached in the present study. The Reynolds-Averaged Navier—
Stokes (RANS) equations [40] are:

Continuity:
aui _
Pl (1
Momentum:
0 (ujuy) ap a ou; | Ouj
po 252 = — 8t Lt ) (J4 5| + g T - Tp) @)
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Energy:

a(u]'T)_i CpHe\ OT [ o .
Po% Tox T oy (kf+ Prt)axj] V' qraa 3)

where p, is the turbulent viscosity, P1; is the turbulent Prandtl number, and V - qp,q is the radiative
source term. Air is treated as a non-participating medium in Section 2.3, so this term vanishes inside the fluid and
radiation enters the solution through the surface energy balance at the cylinder and enclosure walls.

Turbulence Model. Turbulence is closed with the Shear Stress Transport (SST) k—w model [41]. The
SST formulation resolves the viscous sublayer near walls and blends to k—e behavior in the free stream, a
combination suited to buoyancy-driven flows where steep wall-normal gradients coexist with free-stream
separation in the cylinder wake. Two precedents in this geometry set the choice. The experiment used for
comparison here reports its own measurements under steady, turbulent and incompressible flow conditions [27],
so a turbulent treatment matches the regime the reference data were taken in. The closest prior numerical study, a
single cylinder in the same vented square enclosure over Ra from 103 to 108, likewise solved the field with a k—
w closure rather than a laminar formulation [16]. The SST variant is preferred here over the standard form because
it integrates to the wall, and a low-Reynolds-number closure of this type returns the laminar solution wherever
turbulence production vanishes. One closure therefore spans the whole sweep without switching formulation
between the conduction-controlled cases at low Ra and the plume-driven cases at high Ra, and it captures the
steep near-wall temperature gradients and free-stream wake separation that intensify with the buoyant plume at
the upper end of the range. The transport equations for turbulent kinetic energy k and specific dissipation rate w,
including the standard transformation for buoyancy production terms [42], are:

G = 0 [ (4 ) 2K _
0_xj(Pujk) = oy [(u + Gk) M}] + G, Y, + G, (4a)

2 -2 K 00 —
e (P150) =5 [(u +2) 6xj] +Gy—Yy+Gop+D,  (4b)

A production limiter prevents excessive turbulence build-up at cylinder stagnation zones. The near-wall
mesh maintains y* < 1 on all solid surfaces.

Four dimensionless groups characterize the flow regime. Gr quantifies buoyancy-driven convection
relative to viscous resistance, with the enclosure side length L as the characteristic length:

__ gPATL?

2 (&)

where g = 9.81 m/s” is gravitational acceleration, AT = T — T}, is the temperature difference between
the two cylinder surfaces, § = 2/(T), + T) is the thermal expansion coefficient of air (temperatures in kelvin),
and v = u/p is the kinematic viscosity, all taken as the domain-averaged values of the converged solution. In the
parametric study, Gr (and hence Ra) is varied by adjusting Ty while T;, is held fixed. Ra follows directly from Gr
through the Prandtl number:

Gr

v

3
Ra = Gr - pr = 2P4T% (5a)
va
where Pr = pic,/kf is the Prandtl number and a = kf/(pcy) is the thermal diffusivity of air. Re
characterizes the inertia of the inlet flow at the lower vent relative to viscous resistance, with the lower vent width
o as the characteristic length:
Re — Uiniet 0 (6)

4
Ri expresses the ratio of buoyancy to inertial forcing through Gr and Re and is the primary regime
indicator for mixed convection:
Gr

Ri=2L 7

Re?2

At Ri > 1 buoyancy dominates and the flow is natural-convection-controlled; at Ri < 1 forced
convection regulated by the inlet vent governs; at Ri ~ 1 both modes contribute comparably. The inlet velocity is
set so that the flow remains natural-convection-controlled in every case.
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2.3 Thermal Radiation Modeling

The Surface-to-Surface (S2S) radiation model is selected because air at atmospheric pressure is a non-
participating medium (optical thickness 7 << 0.1) [43]. Gray-diffuse surfaces, no participating medium and view
factor closure (3 F;; = 1) are assumed. The radiosity J; of surface i is:

Ji = &0T¢ + p; XY, Fij J ®)

View factors F;; are computed over the enclosure surfaces, so that the geometric occlusion between the
two cylinders is captured. An external ambient radiation temperature of 35°C is specified at the vent openings.

2.4 Boundary Conditions
Cylinders. Both cylinder surfaces impose no-slip walls with fixed temperatures:
C,:u;=0,T=T, ©)
Cr: u; =0, T =Ty (10)

In the S2S model, both cylinder surfaces are treated as gray-diffuse radiators with emissivity €.. The
validation cases (Section 3.1) adopt a literature value of €, = 0.07 for the commercial copper cylinders [14],
whereas the emissivity sweep (Section 3.5) varies €, over 0 < g, < 1.

Enclosure Walls. The solid walls are treated as no-slip boundaries with a mixed thermal condition:

" Kacrylic
u; =0, Gueu = Tyl(Tin = Tout) = hext (Tour — Tref) + SextO-(T:ut - Tfef) (11)

The exterior acrylic face radiates to the ambient as a gray-diffuse surface with emissivity &,,; = 0.93, a
literature value for clear acrylic [14]. Equation (11) retains the finite thermal resistance of the acrylic wall through
the conjugate condition.

Bottom Vent (Inlet). The lower opening is a velocity inlet with prescribed uniform magnitude Ujy;.; and
inlet temperature equal to the ambient reference:

U = Uintery, T = Trer (12)

The opening is treated as a black-body surface in the radiation exchange. U;,;.; is constant in each case.

Top Vent (Outlet). The upper opening is a pressure outlet at atmospheric pressure:

‘2—1;" =0, Z_; =0, Pyge=0 (13)

The outlet opening is likewise modeled as a black-body surface.
2.5 Nusselt Number

Heat transport from the cylinder boundaries is partitioned into convective and radiative components. The
convective (Nucyny) and radiative (Nug,q) Nusselt numbers of each cylinder are formed from the heat fluxes
Qlony a0d qpaq averaged over its full perimeter:

n "
dconvP qRradP (14a)

Nu = Nu =
Cony (Ts_Tavg)kf ’ Rad (Ts_Tavg)kf

Both are therefore area-averaged quantities, and the total follows from the superposition of the two modes:
Nuroe = Nucony + NUgaa (14b)

In these formulations, T denotes the constant cylinder surface temperature and Ty,  is the volume-
averaged temperature of the air inside the enclosure, computed from the CFD solution at each parametric case.
The enclosure-averaged temperature difference (Ts — T,y4) is adopted as the driving potential because it accounts
for the stratified thermal field that develops between C; and Cr, where a fixed ambient reference would
overestimate the effective temperature gradient seen by each surface.

2.6 Numerical Solution

The governing equations are solved using the pressure-based finite-volume method in ANSYS Fluent
2026 R1 (2D planar). Pressure—velocity coupling is handled by the SIMPLE algorithm. Second-order upwind
schemes are applied to momentum, energy, k, and w. Gradients are computed with the Least Squares Cell Based
method, and pressure interpolation uses the Body Force Weighted scheme suited to buoyancy-driven flow.
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Convergence is assessed by monitoring scaled residuals (107 for energy, 10~* for continuity, momentum, and
turbulence) and the stabilization of Nu on C; and Cy. The radiation field is updated every 10 iterations with a
maximum of 100 radiation iterations per cycle and a residual criterion of 10™%.

2.7 Grid Independence

A grid-independence study was conducted focusing on the baseline operating point of a parametric
investigation with parameters set to € = 0.5, 0 = 0.5, S = 0.5, and Ra = 3.37 x 10°. The analysis involved
thirteen quadrilateral-dominant meshes with element counts ranging from 3246 to 192485 . The study
specifically assessed the impact of mesh size on the convection and radiation-averaged Nusselt number (Nu)
along each circular cylinder, ensuring that the near-wall layers were clustered appropriately to maintain a wall y*
value of < 1.

Table 3: Grid-independence study at the baseline operating point (¢ = 0.5, 0 =0.5, S = 0.5, Ra=3.37 x 10°):
mesh size, area-averaged Nusselt numbers on C; and Cg, and mesh-quality metrics.

Convective | Radiative | Convective | Radiative
Mesh | Nodes | Elements Nusselt Nusselt Nusselt Nusselt Orthogpnal Orthogonal

number of | number | number of | number quality skewness

CL OfCL CR OfCR

Mesh
1 3362 3246 6.296 3912 6.673 4.146 0.9461 0.1706
Mesh
) 3788 3708 6.315 3911 6.683 4.154 0.9555 0.0894
Mesh
3 4588 4439 6.327 3917 6.685 4.154 0.9564 0.1495
Mesh
4 5668 5511 6.335 3.920 6.694 4.158 0.9566 0.1414
Mesh
p 7636 7406 6.342 3.925 6.700 4.158 0.9604 0.1396
Mesh
6 11066 10753 6.349 3.926 6.726 4.155 0.9726 0.1328
Mesh
- 19207 18734 6.362 3.938 6.733 4.158 0.9824 0.0964
Mesh
2 35657 35047 6.360 3.938 6.740 4.158 0.9878 0.0818
Mesh
9 57441 56658 6.366 3.938 6.737 4.159 0.9915 0.0723
Mesh
10 84188 83026 6.363 3.938 6.736 4.159 0.9932 0.0688
Mesh
1 113818 | 112396 6.364 3.938 6.736 4.158 0.9938 0.0611
Mesh
12 153270 | 151623 6.362 3.939 6.731 4.159 0.9980 0.0585
Mesh
13 194349 | 192485 6.362 3.939 6.736 4.159 0.9989 0.0552

Results summarized in Table 3 illustrate how varying mesh sizes influenced the numerical precision of
the Nusselt number while keeping other parameters constant. After thorough evaluation, Mesh 7 emerged as the
optimal choice for subsequent simulations due to its excellent convergence characteristics and high mesh quality,
with an orthogonal quality nearing 1 and orthogonal skewness around 0, leading to reliable Nu results. The
discrepancies observed when comparing Mesh 7 to finer meshes were minimal, at less than 1%, thus satisfying
the established tolerance criteria. Mesh 7 effectively resolved the boundary layer and offered a favorable balance
between accuracy and computational efficiency. Further mesh refinements produced only marginal improvements.
In contrast, the coarser meshes (Meshes 1 to 6) exhibited significant discrepancies and poor quality, indicating
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their inadequate resolution for achieving precise numerical results. Overall, the convergence achieved with Mesh
7 confirmed reliable and consistent outcomes for the Nusselt number under the studied conditions.

3. Results and Discussion

The geometry follows Section 2.1, with diameter ratio D, = 0.167. The temperature of Cy sets the
Rayleigh number, so Cy is always hotter than C; and both surfaces stay above the ambient air temperature. Each
effect reported below is isolated about a single common baseline (0 = 0.5, S = 0.5, ¢ = 0.5, Ra = 3.37 X 10°)
by holding every governing quantity at that baseline and varying only the quantity under study. The governing
quantities and the ranges over which they are swept are:

. Ra: 10® < Ra < 107.
. e0<e<gl.

. S$:0.25<5<0.75.
. 0:005<0<1.

The actions of these variables on Nucypny, NUgqq, and Nug,; of C; and Cg, together with the temperature
and velocity fields inside the enclosure, are presented and discussed in the following subsections. Within each
sweep, all contour panels share a common color bar range, so the panels may be compared directly.

3.1 Validation of the present study

The CFD model is benchmarked against the convective heat-transfer measurements of Alomar et al. [27],
who tested two horizontal copper cylinders inside an acrylic enclosure at nine S—0 configurations spanning S =
0.351, 0.439, and 0.526 with O = 0.146, 0.439, and 1.000. Cylinder surface temperatures were recorded by
nine DS18B20 digital sensors distributed circumferentially and longitudinally along each cylinder; the enclosure
air temperature was measured by three further sensors placed between the cylinders and the enclosure wall; and
electrical voltage and current were logged to determine the heat input. Radiation and conduction losses were
quantified separately and remained below 1% of the convective heat transfer at every tested condition. Each
geometry was tested at five different Rayleigh numbers, giving 45 measured cases in total. The comparison
reported below uses 18 of those cases, covering all nine geometries at two of the five Rayleigh numbers of each.

The comparison metric is the pair-averaged convective Nusselt number of Eq. (15), computed
independently from the experimental data and from the CFD solution. Both sides use the definition of Eq. (14b):
the experimental values are not the Nusselt numbers printed by Alomar et al. [27] but are recomputed here from
their reported surface temperatures and heat inputs, with Tg,,, taken from the air temperatures they logged between
the cylinders and the enclosure wall and the air properties evaluated from the present converged solution, which
the reference does not report. The two sides therefore share the same characteristic length, the cylinder diameter,
and the same driving temperature difference, the surface value less the enclosure air value, and the comparison
error below measures a difference in predicted heat transfer rather than a difference in data reduction.

—_— Nuc, +Nuc

Nugyy = H (15)

The comparison error is

E= W%—w x 100% (16)
exp

where Wexp and Nucpp are the experimental and simulated pair-averaged values, respectively. Tables
4 and 5 list N_uexp, Nucpp, and E for the 18 experimental cases, grouped into the lower-Ra and higher-Ra subsets
of each geometry.

Table 4: Comparison between the present numerical results and the previous experimental work of Alomar et
al. [27], at the lower Ra of each geometry.

Spacing Opening Experimental Nusselt Predicted Nusselt Comparison error
ratio ratio number number (%)

0.351 0.146 6.205 6.575 6.0

0.351 0.439 7.340 7.045 4.0

0.351 1.000 7.000 6.660 4.9
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Spacing Opening Experimental Nusselt Predicted Nusselt Comparison error
ratio ratio number number (%)
0.439 0.146 6.600 7.045 6.7
0.439 0.439 6.470 6.780 4.8
0.439 1.000 6.250 6.485 3.8
0.526 0.146 5.675 5.715 0.7
0.526 0.439 6.105 6.500 6.5
0.526 1.000 6.220 6.590 59

Table 5: Comparison between the present numerical results and the previous experimental work of Alomar et
al. [27], at the higher Ra of each geometry.

Spacing Opening Experimental Nusselt Predicted Nusselt Comparison error
ratio ratio number number (%)
0.351 0.146 6.755 6.985 3.4
0.351 0.439 7.715 7.605 1.4
0.351 1.000 7.380 7.150 3.1
0.439 0.146 7.295 6.940 4.9
0.439 0.439 7.650 7.250 52
0.439 1.000 6.600 6.830 3.5
0.526 0.146 6.145 6.575 7.0
0.526 0.439 6.185 6.550 59
0.526 1.000 6.500 6.835 52

Across the 18 experimental cases, E ranges from 0.7% to 7.0%, with a mean of 4.6%, which is 4.8%
for the lower-Ra subset and 4.4% for the higher-Ra subset. The largest deviations, E = 7%, occur at the tightest
opening, 0 = 0.146, where vent-driven inertia and thermal-plume confinement steepen the near-wall temperature
gradients that a two-dimensional, steady formulation resolves with limited fidelity. There are three main reasons
for this error. First, the surface emissivity of the cylinders and the enclosure walls was assigned in the model rather
than measured on the rig, so the radiative part of the predicted heat transfer is not exact. Second, the inlet air
velocity at the lower vent was not measured in the experiment and had to be supplied to the model. Third, the
experiment used a small number of temperature sensors at the inlet and outlet openings and for the air inside the
enclosure, so these measurements carry a margin of error that passes directly into the experimental Nusselt number.
No case exceeds E = 7.0%. The model is therefore applied without correction to the parametric sweeps in
Sections 3.2 to 3.5, with the largest residual error at the tightest opening. The validation cases reach Ra =
3.37 x 108, so the upper end of the Ra sweep extends beyond the range over which the model has been compared
with measurement.

3.2 Effect of Rayleigh number Ra
Velocity distribution

Figure 2 shows how the velocity field in the vented enclosure changes as Ra increases from 103 to 107
at fixed 0 = 0.5, S = 0.5, and € = 0.5. At low Ra (10%) the flow is weak and conduction-dominated, forming
small symmetric recirculation cells. Through the moderate range (10* — 10%) natural convection sets in, the
velocity rises modestly, and organized circulation zones develop as fluid is exchanged vertically through the
apertures. At the transitional value (10°), convection accelerates, resulting in the formation of a vertical plume
above Cr, hence enhancing the buoyancy-driven motion. At high Ra (107) the flow is well organized and
energetic: a high-velocity thermal plume rises above Cy and carries the peak velocities of the field, cold air enters
through the lower aperture, and warm fluid leaves through the upper one. The flow is asymmetric, a direct result
of the buoyancy of C, and surface radiation at € = 0.5 moderates the temperature gradients at low Ra while its
influence fades as Ra rises. The flow therefore shifts from a conduction-controlled to a convection-controlled
regime as Ra increases, which sustains ventilation and improves heat removal through the apertures.
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Figure (2): Velocity-magnitude contours over the Ra sweep (Ra = 102 — 107) at 0 = 0.5, S = 0.5, ¢ = 0.5.

Temperature distribution

Figure 3 illustrates the static-temperature field over the same Ra range, at the same fixed O = 0.5, S =
0.5, and € = 0.5. At Ra = 103, where conduction dominates, the temperature is almost uniform, with weak
gradients and negligible fluid motion. Between Ra = 10* and 10° convection begins: sharper gradients appear
next to the cylinders and the thermal boundary layers thin, marking the onset of buoyancy and a slight upward
drift. At Ra = 10° convection prevails, a thermal plume forms above C, the isotherms are compressed, and the
temperature field becomes asymmetric under buoyancy. At Ra = 107 convection is fully developed: the plume
rises strongly, steep gradients surround Cp, and effective ventilation leaves a cooler core, while the air around C;
warms only slightly. Surface radiation at ¢ = 0.5 lowers the peak temperatures and softens the gradients at low
Ra, but becomes unimportant once convection dominates at higher Ra. Heat transfer thus moves from conduction
to convection as Ra increases, the isotherms changing from nearly uniform to plume-driven and the cavity’s heat-
removal efficiency improving accordingly.

Heat transfer characteristics

Figure 4 traces Nucon, and Nug,y of C; and Cy against Ra at fixed 0 = 0.5, S = 0.5, and ¢ = 0.5. At
Ra = 103, Nuc,,, of C; exceeds that of C, (4.8 against 4.5); the two curves converge at Ra = 10* (both = 5.1),
and Cy overtakes C;, for every Ra > 10°, reaching 7.41 against 6.69 at Ra = 107. This crossover reflects the
growing role of Cy’s own buoyancy: at low Ra the two cylinders are only weakly differentiated and conduction
dominates around both bodies nearly symmetrically, but as Ra increases the larger driving temperature difference
at Cr produces an increasingly vigorous plume (Fig. 2) that thins its local boundary layer and lifts its convective
coefficient above that of the passively cooled C;. Nug,, falls with Ra on both cylinders, from about 5.5 at low
Ra to 3.5 (C,) and 4.3 (Cg) at Ra = 107 since radiative exchange is set mainly by the surface-to-ambient
temperature level rather than by Ra, it stays comparatively flat while the convective coefficient grows with the
strengthening buoyant flow, so radiation’s relative share of the total shrinks as Ra rises. The same qualitative Ra-
dependence, radiation dominant at low Ra and increasingly overtaken by convection at high Ra, was reported by
Ali and Mahmood [4] for a single radiating cylinder in an otherwise similar vented enclosure, where the total-Nu
enhancement attributable to radiation fell from 70-300% at low Ra to 25-125% at high Ra; the present results
extend that trend to a differentially heated pair. Because the rising convective and falling radiative contributions
nearly compensate, the total Nur,; = Nucyn, + Nuggg stays close to 10.2-10.3 on both cylinders for Ra < 10°;
only at Ra = 107 does Nuy,; of C climb to 11.7, against 10.2 for C;, as convection outpaces the radiative
decline. Conduction and radiation therefore govern the low-Ra regime, while convection takes over at high Ra,
most strongly for Cp.
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Figure (3): Static-temperature contours over the Ra sweep (Ra = 103 — 107) at 0 = 0.5, S = 0.5, ¢ = 0.5.
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Figure (4): Nucony and Nug,q versus Ra for €, and C at 0 = 0.5, 5 = 0.5, € = 0.5.
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3.3 Effect of opening ratio O
Velocity distribution

Figure 5 depicts the velocity field for O from 0.05 to 1 at fixed Ra = 3.37 X 10°, S = 0.5, and £ = 0.5.
At O = 0.05 the flow is weak: recirculation raises the velocity near the upper orifice while the thermal plumes
stay confined. As O widens to 0.25, ascending streams and vertical jets appear, though recirculation persists. At
0 = 0.5 strong vertical plumes develop and entrain more air. At O = 0.75 a chimney-like flow forms, with
forceful jets and reduced recirculation; the jet strength and pattern change only slightly on widening further to
O = 1. This plateau reflects the buoyancy-driven pressure head, which is set by Ra (held fixed in this sweep) and
does not grow with the vent area: once the opening is wide enough that entrance and exit losses no longer limit
the flow, further widening chiefly increases the mass flow rate through the larger cross-section rather than the
peak jet velocity, consistent with the heat-transfer results below, where Nu,,,, peaks near O = 0.75 and eases
slightly at O = 1 rather than continuing to rise. A similar interior optimum, rather than a monotonic trend, was
reported by Alomar et al. [27] for a differentially heated cylinder pair in the same enclosure family, where the
maximum Nusselt number occurred at an intermediate opening (O = 0.439) rather than at their widest tested
value. For C;, the flow develops from minimal recirculation at O = 0.05, through stronger entrainment and
pronounced interaction with the C, plume at O = 0.25 — 0.5, to near-independence from Cz at O = 0.75 — 1,
where it draws cooler air locally. The flow therefore changes from recirculation-dominated to plume-driven as O
widens, which improves air exchange and heat-transfer efficiency at both cylinders up to the point where the vent
ceases to be the limiting resistance.

Velocity Magnitude
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Figure (5): Velocity-magnitude contours over the O sweep (O = 0.05 — 1.0) at Ra = 3.37 X 10°%,5S = 0.5, ¢ =
0.5.

Temperature distribution

Figure 6 reports the static-temperature field as O increases from 0.05 to 1 at fixed Ra = 3.37 X 10°,
S =0.5, and € = 0.5. At 0 = 0.05 the cavity is thermally stratified, dominated by warm fluid with little cold
inflow. As O widens toward 0.25 only weak cooling occurs and the thermal plumes remain concentrated. At 0 =
0.5 a clear thermal plume forms, cooling improves, and the field shifts toward convection. At O = 0.75 heat is
dissipated efficiently and the thermal boundary layers thin, while at O = 1 vertical plume transport gives near-
uniform cooling and limits heat build-up. Cy drives this buoyant flow, which turns from diffuse to jet-like as O
grows. The coupling between C; and Cg varies with O: strong at O = 0.05, partial at 0 = 0.5, and effectively
independent at O = 0.75, where separate vertical flow paths form. The temperature field thus changes from
diffusion-dominated to plume-driven, most clearly for O > 0.75, which improves cooling and reduces thermal
stratification inside the enclosure.
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Figure (6): Static-temperature contours over the O sweep (0 = 0.05 — 1.0) at Ra = 3.37 x 10%, S =
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Heat transfer characteristics

Figure 7 shows Nucyn, and Nuggy of C;, and Cg across O from 0.05 to 1 at fixed Ra = 3.37 X 10°,

S =0.5, and € = 0.5. Nug,py of €, starts at 5.5, peaks at 6.4 near O = 0.75, and eases to 6.33 at 0 = 1. Cy

starts at 5.9, peaks at 6.82 near O = 0.75, and eases to 6.8. Larger O therefore improves ventilation and buoyancy,
peaking Nu,y, near O = 0.75. Nug,y falls as O widens: C;, drops from about 6.8 to 4.0, and Cy from about

5.05 to a near-constant 4.15. Small O favors radiation and large O favors convection, because both Nusselt

numbers are referred to the difference between the cylinder surface and the enclosure air, and only the convective

heat rate is proportional to that difference. At O = 0.05 the hot air discharged by the cylinders cannot leave the

cavity, so the enclosure air temperature rises and that difference becomes small. The convective heat rate falls

with it and Nuc,,,, changes little, while the radiative heat rate is set by the surface temperatures of the cylinders

and the walls and is almost unaffected, so Nug,; becomes large. As O widens the cavity is ventilated, the

enclosure air returns toward the inlet temperature, and the same driving difference is restored, which raises Nu ¢y,

and lowers Nug,q. Cr keeps the higher Nu,,,, throughout, and the dominant mode shifts from radiation to

convection, with the best performance near 0 = 0.75. At small O the system therefore operates in a mixed mode

with substantial radiative exchange, whereas at large O it shifts to a convection-dominated regime, consistent with
the extensive hot regions at low O and the slender thermal plumes at high O seen in the temperature contours. The

opposing convective rise and radiative fall nearly cancel once the vent is wide, so the total Nu,, of C, is highest
at the tightest opening, reaching 12.3 at O = 0.05, about 19% above the 10.3-10.4 plateau it holds for O > 0.25;
the hot air trapped at O = 0.05 (Fig. 6) raises the radiative share enough to dominate the total.
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Figure (7): Nucop, and Nug,y versus O for €, and Cr at Ra = 3.37 X 10%, S = 0.5, £ = 0.5.

3.4 Effect of spacing ratio S

Velocity distribution

Figure 8 traces the velocity field as S varies from 0.25 to 0.75 at fixed Ra = 3.37 x 10%, 0 = 0.5, and
& = 0.5. At small S (0.25), the interaction is strong and the thermal plumes merge into a dominant central jet: the
narrow inter-cylinder gap acts as a nozzle that accelerates the upward flow between C; and Cg. As S widens to
0.35 — 0.5, the plumes partly separate and behave semi-independently. At intermediate-to-large S (0.65), distinct
vertical jets form with little interaction, and at large S (0.75), the plumes become independent and the efficiency
around C; falls. Wider S therefore moves the flow from merged jets to separate plumes, improving its organization
and stability. Close S promotes mixing but introduces instability, moderate S balances stability against useful
interaction, and wide S lets C;’s plume develop without interference from C;, though this undisturbed
development does not translate into a higher Nusselt number for either cylinder, as the heat-transfer results below
show. S thus exerts a strong influence on the flow, shifting it from an interaction-dominated to a plume-dominated
regime as the cylinders separate.

Temperature distribution

Figure 9 presents the temperature field as S varies from 0.25 to 0.75 at fixed Ra = 3.37 X 10°, 0 = 0.5,
and € = 0.5. At small § (0.25), the same nozzle effect that accelerates the flow between the cylinders (Fig. 8)
also raises the local fluid temperature in the gap through combined convective and radiative heating, so C; sits in
a warmer local environment than at wider spacing. As S rises to 0.35 — 0.5, the plumes begin to separate and this
inter-cylinder heating weakens. At S > 0.65, the two plumes develop largely independently near the cylinders
themselves, but they bend back toward one another and partially recombine before leaving the enclosure (visible
in the § = 0.65 and S = 0.75 panels), because the top vent is fixed in width and position and does not widen or
shift with the cylinder spacing; mass conservation through that single fixed opening still forces the two plumes to
reconverge downstream. Greater S thus reduces thermal contact between the cylinders near the bodies themselves,
and gives the lowest local temperature around C;, even though the fixed-vent geometry still couples their plumes
further downstream. This local cooling of C; at wide S does not by itself imply higher heat transfer, since the same
nozzle effect that warms the gap at small S also raises the local convective coefficient there, as the Nusselt-number
results below show.
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Figure (8): Velocity-magnitude contours over the S sweep (S = 0.25 — 0.75) at Ra = 3.37 X 10°, 0 = 0.5,
e =0.5.
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Figure (9): Static-temperature contours over the S sweep (S = 0.25 — 0.75) at Ra = 3.37 X 10%,0 = 0.5, ¢ =
0.5.

Heat transfer characteristics

Figure 10 illustrates Nu¢op, and Nugqy of C; and Cg for S from 0.25 to 0.75 at fixed Ra = 3.37 X 108,
0 = 0.5, and € = 0.5. Cy keeps higher Nu values than C;, and convection exceeds radiation for both. As S
increases, Nucy,, of Cp falls from 6.67 to 6.12 and that of Cy falls from 7.0 to about 6.65—6.70: the nozzle-
accelerated flow at small S thins the local boundary layer on the facing sides of both cylinders and raises their
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convective coefficient, an effect that weakens as the gap widens and the inter-cylinder flow decelerates. Nug,q
of C,;, rises from 3.62 at S = 0.25 to a maximum of 3.95 near S = 0.65 before declining to 3.75 at S = 0.75, and
Cg follows the same pattern. This interior maximum reflects two competing view-factor effects as S changes:
closer spacing raises the mutual radiative exchange between C; and Cg, but at the smallest S each cylinder
increasingly shadows the other’s view of the wider, cooler enclosure and limits the net radiative loss, so the
balance between these effects peaks at a moderate separation. Summed over both modes, Nu,; of Cy falls from
11.1 at S = 0.25t0 10.7 at S = 0.75, and that of C; from 10.3 to 9.9, so wider spacing lowers the total for both
cylinders. Close S therefore strengthens the coupling and improves convective heat transfer specifically, while
radiative transfer is maximized at a moderate, intermediate spacing. The same spacing sensitivity appears in the
natural-convection measurements of Alomar et al. [27], a differentially heated cylinder pair in the same enclosure
family, in which the highest Nusselt number occurred at the smallest tested spacing (S = 0.351); it contrasts with
the uniformly heated pair of Ali [12], where Nu instead rises with S, a difference consistent with the present nozzle
mechanism depending on the temperature contrast between C; and Cg, which is absent when both cylinders are
held at the same temperature.
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Figure (10): Nucop, and Nug,, versus S for €, and Cg at Ra = 3.37 x 10%,0 = 0.5, ¢ = 0.5.
3.5 Effect of cylinders emissivity €
Velocity distribution

Figure 11 shows the velocity-magnitude contours over the £ sweep at fixed Ra = 3.37 X 10°, 0 = 0.5,
and S = 0.5. The buoyancy-driven flow is largely insensitive to €: a thin, intense plume rises above Cy at € = 0,
and its shape and peak velocity change only marginally as ¢ increases to 1. This near-invariance is consistent with
the heat-transfer results below, in which the convective Nusselt number is almost independent of ¢; radiation adds
a parallel transfer path without materially altering the velocity field that convection establishes.
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Figure (11): Velocity-magnitude contours over the & sweep (¢ = 0 — 1.0) at Ra = 3.37 X 10%, 0 = 0.5, S =
0.5.

Temperature distribution

Figure 12 represents the impact of emissivity variation on the temperature distribution at fixed Ra =
3.37 x10°%, 0 = 0.5, and S = 0.5. As ¢ increases from 0 to 1, the interaction between the two cylinders
transitions from being mostly governed by convection to demonstrating significant convection—radiation coupling.
At low emissivity (¢ = 0-0.25), heat transfer is predominantly governed by natural convection, the plume is
slender, and the thermal contact between the two cylinders is negligible. As emissivity rises (¢ = 0.25-0.75),
radiative exchange enhances the thermal coupling, the temperature around C;, rises, and the plume broadens. At
high emissivity (¢ = 0.75-1.0), radiation dominates and the field becomes more uniform with gentle gradients,
as the view-factor-coupled exchange raises the temperature near C; and reduces the gradients adjacent to C.

The temperature field therefore responds visibly to &, while the velocity field of Fig. 11 stays nearly
invariant. Radiation acts directly on the surface and near-wall temperatures through view-factor exchange, so its
signature appears first in the temperature field. Its effect on the flow is only indirect, through the resulting change
in buoyancy, and that effect stays small because Ra is held fixed across the sweep.

Heat transfer characteristics

Figure 13 traces Nucyp, and Nug,, against € at fixed Ra = 3.37 x 10%,0 = 0.5, and S = 0.5. Nucyp,
changes little on C; and Cp; it falls from 6.5 to 6.4 on C; and from 6.9 to 6.7 on Cg. Raising ¢ increases radiation
but has little effect on the buoyancy-driven flow. Nug,, rises almost linearly with &, reaching 6.9 for C;, and 8.0
for Cy, so radiation dominates at high €. Heat transfer changes from purely convective at € = 0 to a convective—
radiative combination as ¢ rises. The radiative share of C; grows from 0 to 52% of the total, with Cy following
the same trend to 54%. As ¢ rises, the near-constant convective contribution is increasingly outweighed by the
growing radiative one, shifting the balance toward radiation dominance. Nur,; increases by about 105% for C;,
and 113% for Cy as € rises from 0 to 1. This near-independence of Nu,,,, from ¢ differs from the sealed-cavity
results of Hamimid and Guellal [32], Ridouane et al. [30], Singh and Singh [36], and Sadripour et al. [35], in
which the convective Nusselt number falls as emissivity rises. The difference is consistent with the through-flow
of the present vented configuration: cooler make-up air drawn continuously through the lower vent replaces the
near-wall fluid and buffers the thermal boundary layer against the wall-temperature rise that radiation produces,
whereas in a sealed cavity the radiatively warmed fluid cannot leave and the convective coefficient is depressed.
The mechanism is advanced as a hypothesis consistent with the present fields rather than a proven cause.
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Figure (12): Static-temperature contours over the € sweep (¢ = 0 — 1.0) at Ra = 3.37 x 10%,0 = 0.5, S = 0.5.
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Figure (13): Nucon, and Nugg,q versus € for €, and Cg at Ra = 3.37 X 10%, 0 = 0.5, S = 0.5.

Figure 14 reports the Qcony and Qpyq contributions to the heat transfer of C; and Cy as € changes, at
fixed Ra = 3.37 x 10°, 0 = 0.5, and S = 0.5. At € = 0 heat is transferred entirely by convection. As & rises to
0.25, radiation accounts for about 25% of the transfer. At € = 0.5 the radiative share rises to about 38%, and at
& = 0.75 radiation nearly matches convection at about 46 — 47%. At € = 1 radiation dominates, contributing
about 52 — 54%. The balance therefore shifts clearly from convection-dominated to radiation-dominated heat
transfer as € increases.
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Figure (14): Stacked-bar decomposition of Q;ypny and Qreq for C; and Cg, in W/m, against € at Ra =
3.37 X 10%,0 = 0.5, 5 = 0.5.

4. Conclusions

Combined natural convection and surface-to-surface radiation heat transfer from two horizontally
aligned cylinders, C; and Cy, in a vented square enclosure has been examined numerically. The actions of Ra, ¢,
0, and S on Nucopny, NUgqq, and Nug,, of C;, and Cg, and on the convective—radiative partition of the wall heat
transfer, have been presented and discussed. Comparison against 18 experimental cases gives a mean error of
4.6% and a maximum of 7.0%. The following conclusions are drawn:

1. The average fluid temperature inside the enclosure is governed by O and S through the mass flow
rate. At O = 0.05 the discharged hot air is trapped and the fluid temperature rises well above
ambient, whereas at larger O the cavity is ventilated and the fluid temperature approaches ambient.
At S = 0.25 the flow accelerates through the gap in a nozzle-like manner and raises the inter-
cylinder fluid temperature, and this nozzle effect decays as S increases.

2. The total Nusselt number of C; and Cy remains nearly constant, between 10.2 and 10.3, for 103 <
Ra < 10°, because the rising convective contribution and the falling radiative contribution nearly
compensate as Ra increases. Nuc,,, of Cg overtakes that of C, from Ra = 10% onwards and
reaches 7.41 at Ra = 107, while Nug,, falls from about 5.5 to 3.5-4.3. At Ra = 107, Nuy,, of Cy
increases sharply to 11.7 while that of C; remains near 10.2; the more vigorous plume of Cg
recirculates warm air over C;, and suppresses its heat transfer, so the interaction between C; and Cg
is asymmetric.

3. The opening ratio O has a strong influence on Nuy,; at small O only. Nuy,; of C; reaches 12.3 at
0 = 0.05, about 19% above its plateau value of 10.3-10.4, because the trapped hot air raises the
average fluid temperature and reduces the driving temperature difference on which Nur,; is based;
C, is affected more than Cyz. At O = 0.25 the ventilation is sufficient to remove this effect, after
which Nur,; is insensitive to further increase in O. The convective coefficient peaks near O = 0.75
as ventilation improves and then eases once the vent is no longer the limiting resistance.

4. The spacing ratio S has a considerable influence on Nur,, for both cylinders. Nuy,; decreases as S
increases, for Cp from 11.1 at S = 0.25 to 10.7 at S = 0.75, because the nozzle-accelerated flow
between the cylinders, which thins the boundary layer on their facing sides, weakens as they are
separated. AtS = 0.75, C, decouples from Cg and its Nur,; drops to 9.9.

5. The cylinder emissivity € has the largest influence on heat transfer. As ¢ increases from 0 to 1,
Nu,, rises by about 105% for C;, (from 6.5 to 13.3) and about 113% for Cy (from 6.9 to 14.7),
while the convective contribution decreases by less than 3.5%. Radiation therefore acts as a heat-
transfer path additional to convection and roughly doubles Nu ;.

6. The radiative contribution accounts for 38% of the total heat transfer at € = 0.5 and becomes the
dominant mode, between 52% and 54%, at € = 1. A convection-only model therefore under-
predicts total heat transfer by between 38% and 54%, and the S2S model is essential for an accurate
prediction of the combined-mode heat transfer.
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Nomenclature

Latin symbols

Symbol Description Unit

Cp Specific heat capacity of air J/(kg-K)

Cy Left cylinder -

Cr Right cylinder -

D Cylinder diameter m

D, Cylinder diameter ratio -

E Comparison error %

Fj View factor -

g, 8i Gravitational acceleration m/s?
Gg Turbulent kinetic energy production kg/(m-s*)
Yy Turbulent kinetic energy dissipation kg/(m-s*)
Gy, Buoyancy production of turbulent kinetic energy kg/(m-s*)
G, Specific dissipation rate production kg/(m3-s?)
Yo Specific dissipation rate destruction kg/(m3-s?)

Geb Buoyancy production of specific dissipation rate kg/(m3-s?)
D, Cross-diffusion term kg/(m3-s?)
Gr Grashof number -

heye External convection coefficient W/(m?-K)

Jis Jj Radiosity W/m?

k Turbulent kinetic energy m?/s?
kacryuc Thermal conductivity of acrylic W/(m-K)
k¢ Thermal conductivity of air W/(m-K)
L Enclosure side length m
Number of radiating surfaces -

Nu Nusselt number -

Nu Pair-averaged Nusselt number, the mean over C;, and Cg -
mavg Pair-averaged Nusselt number -
Nucrp Predicted pair-averaged Nusselt number -
mexp Experimental pair-averaged Nusselt number -
Nuc, Area-averaged Nusselt number on Cy, -
Nuc, Area-averaged Nusselt number on Cg -
Nucony Area-averaged convective Nusselt number -
NuRgaq Area-averaged radiative Nusselt number -
Nurot Area-averaged total Nusselt number -
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Symbol Description Unit
0 Vent opening width m
0 Opening ratio, o/L -
P Pressure Pa
Prauge Outlet gauge pressure Pa
Pr Prandtl number -
Pr, Turbulent Prandtl number -
q” Surface heat flux W/m?
AConv Convective surface heat flux W/m?
ARrad Radiative surface heat flux W/m?
Qall Wall heat flux W/m?
V  qrad Volumetric radiative source term W/m?
Qconv Convective heat transfer rate W/m
QRrad Radiative heat transfer rate W/m
Ra Rayleigh number -
Re Reynolds number -
Ri Richardson number -
S Cylinder center-to-center spacing m
S Spacing ratio, s/L -
T Temperature K
Tavg Volume-averaged air temperature K
Tin Wall interior face temperature K
Tout Wall exterior face temperature K
T; Temperature of radiating surface i K
Ts Cylinder surface temperature K
T, Surface temperature of Cj, K
Tr Surface temperature of Cg K
Tref Reference temperature K
u;, U; Velocity components m/s
Uintet Inlet velocity magnitude m/s
W, Spanwise duct depth m
X, X Cartesian coordinate directions m
y Vertical Cartesian coordinate m
yt Dimensionless wall distance -
Ax Enclosure wall thickness m
Greek symbols
Symbol Description Unit
a Thermal diffusivity of air m?/s
B Thermal expansion coefficient of air /K
AT Cylinder surface temperature difference K
€ Surface emissivity —
€c Cylinder surface emissivity —
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Symbol Description Unit
€oxt Exterior wall emissivity -
& Radiating surface emissivity -
1 Dynamic viscosity of air Pas
He Turbulent viscosity Pas
Y Kinematic viscosity of air m?/s
p Density of air kg/m?
Po Reference density kg/m?
Pi Surface reflectivity -
o] Stefan—Boltzmann constant W/(m?-K#)
Ok Closure coefficient for k -
o Closure coefficient for w -
T Optical thickness -
w Specific dissipation rate /s
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