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Abstract 
The evolu�on of modern computer-aided 
engineering (CAE) thermal analysis tools has 
produced so�ware that is capable of extensive 
mul�disciplinary simula�ons, featuring 
integrated computer-aided design (CAD) 
geometry, automated meshing, parametric 
modeling, topology op�miza�on, etc.  These 
tools are extremely capable but have two 
drawbacks.  First, the large so�ware architecture 
is costly, tending to limit license availability.  
Second, many first-order engineering thermal 
analysis problems do not warrant applica�on of 
an extensive modern CAE toolset.  The ONYX 
so�ware fills this gap.  The primary feature of the 
ONYX so�ware is a simplified CAD founda�on 
that u�lizes quadrilateral (quad) geometry for 
the physical component representa�on.  This 
represents a return to the heritage thermal 
so�ware where geometry elements are 
equivalent to control volumes. This paper 
presents the layout of the ONYX so�ware, 
describes the geometry construc�on, model 
equivalencing, conductance formula�on, 
solu�on algorithms, and solu�on flow.  We close 
the paper presen�ng a series of valida�ons 
which reinforce the u�lity of sparse rapid control 
volume-based solvers. 

Introduc�on 
The design of the ONYX so�ware stemmed from 
a prac�cal problem that required numerous 
parametric simula�ons. We had explored the 
applica�on of COMSOL to perform the analysis 

However, we showed that the CPU solu�on �me 
required for a fully coupled fluid-thermal 
solu�on would prevent the full parametric trade 
space from being explored.  As a tradeoff, we 
explored simplified one-dimensional (1D) 
analysis using MATLAB or Excel.  However, we 
found that 1D treatments eliminated important 
spa�al detail, complex geometry handling,  
graphical visualiza�on and results-
interpreta�on.  From this, we began a focused 
development of a first-order general purpose 
thermal solver that would bridge extensive fully 
coupled solu�ons and simplified 1D domain 
representa�on.   

Defining requirements, our original problem 
involved a 1) conjugate solid conduc�on, 2) 
natural convec�on exchange with the ambient 
fluid, coupling the solid components, 3) grey 
body surface-to-surface radia�on exchange, and 
4) rapid and stable transient solu�on.  The 
original ONYX so�ware was built around solving 
for a thermal network with these four features, 
ul�mately sa�sfying the solu�on problem at 
hand.  With �me, the ONYX development has 
exceeded these original features, with 
adapta�ons to solve advec�on flow, and 
aerohea�ng, with other features yet planned. 

Quad Elements 
Early in the design phase, the quadrilateral 
(quad) was adopted as the primary element and 
con�nues to the present �me.  This was done for 
strategic reasons: 
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1. Quad elements represent a natural four-
sided control volume (CV) 

2. Quad elements take litle memory to 
represent,  process, and render 

3. Quads can be subdivided into two 
triangles to compute surface normal and 
intersec�on logicals 

4. Quad-quad connec�ons can be 
processed for the conductance and 
advec�on matrices 

5. Quad elements can be readily distorted 
to form any geometric shape 

Figure 1 presents a working example of the quad 
u�lity in a solar hea�ng problem.  A hemisphere 
is solar heated, radiates and convects the 
ambient environment and interacts with the 
ground plane.  A hemisphere geometry can be 
easily constructed with diminishing quads as 
shown, distor�ng to form the cap of the 
hemisphere.  The direct solar hea�ng regions 
and groundplane shaded regions are visible.  

Wavefront Neutral File 
In ONYX, a neutral file interface is used to 
prepare geometry models for solu�on.  This file 
is a modified Wavefront format, u�lizing the 

standard facet-vertex forma�on, but with a 
custom color tag that references the property 
associated with the quad element.  Figure 2 
shows two elements extracted from the solar 
hemisphere model above.  This figure shows the 
Wavefront defini�on of facets (f), ver�ces (v), 
and color (c) informa�on.  Any line of a free 
formated Wavefront file can contain any of 
these designators. Typically, ver�ces are defined 
first, following by facets, followed by color.  The 
Wavefront format is also dual-use suppor�ng 
both pre- and post-processing.  We summarize 
the key features of the Wavefront neutral file 
interface as follows: 

1. Free formated ASCII text model 
construc�on 

2. Small model files that are human 
readable and easily modified 

3. Three designators v, f, c to define a 
model 

4. Color extension that allows the ONYX 
so�ware to reference a property 
defini�on to each quad 

5. 3D contour plots of models a�er 
solu�on, allowing smooth color 
progression to observe temperature 
gradients 

 
Figure 1. Solar heated hemisphere – quad 

construction. 

Solu�on involves:
1. Solving vector-based hea�ng
2. Element obscura�on for shadowing
3. Conduc�on through the hemisphere
4. Radia�on to the ground plane
5. Convec�on and radia�on to the 

ambient

Distorted quad elements to 
represent a hemisphere on a plane

°C

 
Figure 2. Modified Wavefront representation 

of geometry. 

v -8.550798E-2  .4849397  .0867286
v -8.682411E-2  .4924039 -2.185569E-8
v -.25  .4330127 -2.185569E-8
v -.2462104  .4264488  .0867286
v -8.682411E-2  .4924039 -2.185569E-8
v -.1215538  .6893654 -2.185569E-8
v -.35  .6062178 -2.185569E-8
v -.25  .4330127 -2.185569E-8
f  1  2  3  4
f  5  6  7  8
c  8421440
c  33023

Two facets

Two 
facets
Facet 
color

Eight 
ver�ces
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Quad to 3D Control Volume 
Any thermal solver must represent three-
dimensional (3D) elements to have any prac�cal 
considera�on. In ONYX, the quad element, 
having no rendered thickness, is extended to 3D 
by assigning a thickness in the color-referenced 
property.  In this method, each quad has size 
defini�ons in the local quad coordinate system 
𝑟𝑟𝑟𝑟𝑟𝑟 given by: 

∆𝒓𝒓𝒓𝒓𝒓𝒓= �
∆𝑟𝑟
∆𝑠𝑠
∆𝑡𝑡
� 

The property defines element thickness ∆𝑡𝑡.  The 
quad geometry is used to compute the sizes ∆𝑟𝑟 
and ∆𝑠𝑠 .  A virtual equivalent hexahedral is 
generated by each quad with thickness.  This 
produces six flat faces to exchange energy across 

Figure 3 shows a simple example of quad 
elements that curve to form a part of a cylinder.  
The in-plane unit vectors are always defined as 
𝒆𝒆𝒓𝒓 and 𝒆𝒆𝒔𝒔 and the unit normal vector is 𝒆𝒆𝒕𝒕.  This 
figure shows the equivalent hexahedral. 

The quad grid sequencing, captured in the 
Wavefront neutral file, defines the unit normals.  
The user can roll grids to rotate 𝒆𝒆𝒓𝒓 and 𝒆𝒆𝒔𝒔 around 
the quad. Figure 3 shows grey colored elements 
with inten�onally inverted unit normals. This 
feature is important when preparing models for 

surface-surface radia�on and projected mesh 
connec�ons.   

To simplify the modeling for distorted elements, 
a modified element size is computed for ∆𝑟𝑟 and 
∆𝑠𝑠 .  This is done by solving for the area of a 
distorted quadrilateral and equa�ng it to the 
area of the element defined by the mid-point 
average spans. A correc�on factor is solved that 
preserves the area of the quad.  This is shown to 
work sufficiently well in the conductance 
modeling. Since it preserves area, heat loads 
defined by heat flux produce the correct, desired 
overall heat load on an element. 

Equivalencing 
The process of model equivalencing is the step 
where geometry elements are converted to 
control volume elements.  Equivalencing is done 
in two steps: 

1. Quad edge-to-edge equivalencing 
2. Quad surface-to-surface equivalencing 

The first compare quad edges to ensure that they 
are co-linear from both grid points to within a 
tolerance.  The surface equivalencing is done 
with projected mesh connec�ons and is only 
performed if the property of the quad calls for it.  
In both cases, any edge or surface that is 
detected as equivalenced with another surface 
produces logic that is used when forming the 
conductance matrices. 

 
Figure 3. Equivalent 3D control volume and 

virtual hexahedral. 

Unit normals 
inverted

𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟unit vectors

Equivalent 3D Representa�on 
results in six hexahedral faces 

to exchange energy

 
Figure 4. In-plane element equivalencing on 

coincident edges and intentional crack. 

Inten�onal crack is placed on element which breaks the 
connec�on on these edges.

Element will only connect thermally on two edges
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Edge Equivalencing 
The ONYX so�ware computes the 𝑟𝑟𝑟𝑟-plane 
equivalencing in the pre-processing phase of 
modeling.  Colinear quad edge lines defines the 
equivalencing in the 𝒆𝒆𝒓𝒓 and 𝒆𝒆𝒔𝒔 planes.  Figure 4 
illustrates in-plane element connec�ons using 
edge equivalencing.  An inten�onal crack is 
created by moving one vertex of the center quad.  
Since this quad only touches other quads on two 
edges, only two thermal connec�ons are made.   

The efficiency of quad edge equivalencing can be 
illustrated with a simple example of a ring fin. 
Figure 5 shows a very dense fin arrangement that 
is easily represented with single edge 
equivalencing.  Any number of edge fins could be 
connected on the edge, provided they are 
rotated slightly to prevent equivalencing on the 
upper edges.  This feature is used extensively in 
ONYX in order to test the addi�on of extended 
surface area to achieve desired component 
temperatures. 

Surface Equivalencing 
The 𝒆𝒆𝒕𝒕 plane-normal equivalencing is 
determined with projected mesh couplings.  This 
involves projec�ng normals to the nearest 
intersec�ng surface. The instruc�ons for surface 
equivalencing are contained in the property in 
the form of unit normal projec�on direc�ons.  

Any quad can connect to another quad by using 
a projected mesh coupling.  A line-plane 
intersec�on algorithm is used to find all quads 
that can be poten�ally connected.  The algorithm 
then selects the single closest projected quad 
and makes a connec�on.  Figure 6 shows an 
applica�on by connec�ng the edges of a cylinder 
to a disk.  This does require addi�onal quad 
elements to ini�ate the connec�on. These are 
shown dark red which form a projected 
connec�on to the green disk. This algorithm is 
also based on the shape factor algorithm and is 
par�ally dual-use.  The ability to easily connect 
dissimilar meshes is one of the more important 
useful features on ONYX.   

 

Conserva�on Equa�on 
An energy conserva�on equa�on is solved for all 
quad control volumes.  Discre�zing over all CV  
the compacted matrix equa�on for the 
temperature can be writen: 

𝑪𝑪 
𝑑𝑑𝑻𝑻
𝑑𝑑𝑑𝑑

= 𝑮𝑮(𝑻𝑻) 𝑻𝑻+ 𝑯𝑯 𝑻𝑻+ 𝑺𝑺 

The bold terms signify vector and matrix terms 
and standard vector-matrix opera�ons are 
applied.   

 
Figure 5. Quad edge connection efficiency 

example. 

Shows edge fins connected 
to center ring, equivalenced 

on edge elements

 
Figure 6. Surface equivalencing example used 

to connect dissimilar mesh elements. 

Shows projected mesh equivalencing that 
connects dissimilar mesh elements.
These connec�ons emanate from 

centroid of defined elements, poin�ng in 
the direc�on of the unit normal.

Equivalencing 
connec�ons across 

element planes
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Capacitance Term 
The le� side of the equa�on is the capacitance 
term, defined by the �me-deriva�ve of 
temperature and the capacitance matrix 𝑪𝑪. The 
capacitance matrix is defined by density, volume 
and heat capacity: 

𝑪𝑪 = 𝜌𝜌 𝑽𝑽 𝐶𝐶𝑝𝑝 = 𝒎𝒎 𝐶𝐶𝑝𝑝  

This can be writen as a func�on of the mass 
matrix mass matrix 𝒎𝒎: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝒎𝒎) = [𝜌𝜌0𝑉𝑉0 𝜌𝜌1𝑉𝑉1 𝜌𝜌2𝑉𝑉2 …]𝑇𝑇 

Combined Conductance 
The conductance matrix 𝑮𝑮(𝑻𝑻) describes the 
combined conductance couplings between all 
control volumes.  Considering just conduc�on in 
a solid for a constant conduc�vity, this term 
would be writen in the more familiar form: 

𝑮𝑮𝒌𝒌 = 𝑘𝑘 𝑽𝑽 ∇2𝑻𝑻 

The term 𝑽𝑽 is a diagonal matrix defined by the 
volume of the control volume.   

The conductance matrix 𝑮𝑮(𝑻𝑻) groups includes 
contribu�ons from four terms: 

1. Conduc�on couplings from edge-
connected control volumes in the 𝑟𝑟𝑟𝑟-
plane 

2. Conduc�on couplings from projec�on 
coupled control volumes in the quad 
normal direc�on 𝒆𝒆𝒕𝒕 

3. Convec�on couplings, both func�on-
defined natural convec�on, and forced 
convec�on 

4. Radia�on couplings, both defined shape 
factor, and computed shape-factor 
derived 

These are described in more detail in the sec�on 
Conductance Models.   

The matrix 𝑮𝑮(𝑻𝑻) is shown as a func�on of the 
unknown temperature vector 𝑻𝑻.  Generally, the 
conduc�on couplings are weakly temperature 

dependent through varia�ons in thermal 
proper�es. However, natural convec�on 
between elements is a func�on of temperature 
difference between elements.  Similarly, the 
radia�on conductance is a func�on of control 
volume temperature to the third power.  This 
temperature dependence is addressed in the 
solu�on phase by performing updates during 
itera�ons and during specific �me step 
increments. 

Advec�on Conductance 
The conductance matrix 𝑯𝑯 describes the 
advec�on couplings that derive from elements 
which have a defined velocity and move energy 
in an out of the control volume by mo�on.  For 
an incompressible substance, this term can be 
writen: 

𝑯𝑯 =  −𝑪𝑪 𝒖𝒖 ∙ 𝛁𝛁 𝑻𝑻 

Typically, this term is used to represent fluid 
advec�on in tubes.  However, it is a generic 
advec�on term that can represent the transport 
of capaci�ve mass in the system from element 
flow.  For example, a spinning disk brake that is 
fric�on heated has an advec�on term that 
derives from the spinning rotor carrying colder 
mass into the scrub surface.   

Source Hea�ng 
The last term 𝑺𝑺 is the source hea�ng on each 
control volume.  This is a property-defined value 
that is referenced to each control volume; it can 
include combina�ons of the following source 
components: 

1. Fixed defined total control volume heat 
load 

2. Fixed defined heat flux 
3. Fixed defined volumetric hea�ng 
4. Variable vector-derived heat flux 
5. Variable func�on-derived heat flux 

The ONYX algorithm computes all possible 
contribu�ons to each control volume.  The 



TFAWS 2024 – August 26-30, 2024 
Page 6 

 

vector-derived and func�on-derived heat flux 
are updated on select refresh rates during 
transient solu�ons.  For example, Figure 1 
presented the transient solar hea�ng of the 
hemisphere; in this case, the solar heat flux is 
computed every �me step to account for 
varia�ons in the sun’s posi�on.   

Specific func�on references can be built into an 
ONYX property.  Figure 7 shows an example of a 
steady-state solu�on of a laser-heated disk. In 
this example, the Gaussian heat flux profile is 
built into the property func�on.  Passing the 
centroid of the control volume 𝒄𝒄𝒙𝒙𝒙𝒙𝒙𝒙, the heat flux 
at any quad is determined rela�ve to the beam 
centroid 𝒓𝒓𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩.𝒐𝒐 as: 

𝑞𝑞′′(𝑟𝑟) = 𝑞𝑞′′𝑀𝑀𝑀𝑀𝑀𝑀 𝑒𝑒
�− 𝑟𝑟2

𝑅𝑅1𝜎𝜎2
�
 

𝑟𝑟 = �𝒄𝒄𝒙𝒙𝒙𝒙𝒙𝒙 − 𝒓𝒓𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩.𝒐𝒐� 

 

Solu�on Phase 
Implicit Time Differencing 
The ONYX solver uses implicit �me differencing 
of the conserva�on equa�on described above.  
This ensures numerical stability but does require 

itera�on at each �me step.  The above vectorized 
energy equa�on can be writen as a func�on of 
discrete �me level 𝑛𝑛 as: 

𝑪𝑪 
𝑻𝑻(𝑛𝑛+1) − 𝑻𝑻(𝑛𝑛)

Δ𝑡𝑡
= 𝑮𝑮(𝑻𝑻(𝑛𝑛+1)) 𝑻𝑻(𝑛𝑛+1) + 𝑯𝑯 𝑻𝑻(𝑛𝑛+1)

+ 𝑺𝑺 

The differencing is implicit because the future-
�me temperature 𝑻𝑻(𝑛𝑛+1) appears on both sides 
of the equa�on.  This would require a matrix 
inversion to solve directly. As will be showed, the 
equa�on is solved itera�ve which essen�ally 
performs incremental matrix inversion. 

Steady-State Solu�on 
Under steady-state condi�ons, we can solve the 
above equa�on by se�ng the capaci�ve term on 
the le� side to zero. Adop�ng 𝑘𝑘 as an itera�on 
index, we can write a steady-state energy 
residual vector 𝝓𝝓𝑺𝑺𝑺𝑺 as follows: 

𝝓𝝓𝑺𝑺𝑺𝑺(𝑻𝑻(𝑘𝑘)) = �𝑮𝑮(𝑻𝑻(𝑘𝑘))  +𝑯𝑯 �𝑻𝑻(𝑘𝑘) + 𝑺𝑺 

Applying a diagonalized Generalized Newton’s 
(GN) method with successive over relaxa�on 
(SOR) factor 𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆 , we can solve for the next 
temperature itera�on at 𝑘𝑘 + 1 as: 

𝑻𝑻(𝑘𝑘+1) = 𝑻𝑻(𝑘𝑘)  − 𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆 �
𝝏𝝏𝝏𝝏(𝑻𝑻(𝑘𝑘))

𝝏𝝏𝝏𝝏
�
−1

𝝓𝝓(𝑘𝑘) 

In the GN method, the term �𝝏𝝏𝝏𝝏(𝑻𝑻(𝑘𝑘))
𝝏𝝏𝝏𝝏

�
−1

is a 

sparse matrix but generally diagonally dominant.  
It is simplified to a diagonal matrix so that its 
inverse is simply the inverse of the individual 
diagonal elements. The gradient is evaluated 
numerically by applying a small temperature 
change to the residual func�on: 

𝝏𝝏𝝏𝝏(𝑻𝑻(𝑘𝑘))
𝝏𝝏𝝏𝝏

≈
𝝓𝝓�𝑻𝑻(𝑘𝑘)� −𝝓𝝓(𝑻𝑻(𝑘𝑘) + ∆𝑻𝑻)

∆𝑻𝑻
 

The itera�on proceeds un�l the energy 
imbalance is below a desired limit. The ONYX 

 
Figure 7. Laser heated disk with Gaussian heat 

flux profile 

1 mm disk that is laser heated, 
natural convec�on coupling to 20 °C 

boundary node

ONYX adopts func�on -
derived heat flux

°C
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solver computes the summa�on of absolute 
residuals 𝜙𝜙𝐴𝐴𝐴𝐴𝐴𝐴.𝑆𝑆𝑆𝑆𝑆𝑆

(𝑘𝑘) to derive that measure: 

𝜙𝜙𝐴𝐴𝐴𝐴𝐴𝐴.𝑆𝑆𝑆𝑆𝑆𝑆
(𝑘𝑘) = � �𝝓𝝓𝑖𝑖

(𝑘𝑘)�

𝑁𝑁𝐶𝐶𝐶𝐶−1

𝒊𝒊=𝟎𝟎

 

The solver terminates when 𝜙𝜙𝐴𝐴𝐴𝐴𝐴𝐴.𝑆𝑆𝑆𝑆𝑆𝑆
(𝑘𝑘) ≤

0.1 𝑊𝑊.  The termina�on criteria 0.1 𝑊𝑊 is general 
and can be adjusted. Using this simplified SOR 
method, most thermal problems converge in 
about 1000 itera�ons. 

Transient Solu�on 
The methods presented for the steady state 
solu�on are readily adopted to the transient 
solu�on. The only change is the residual vector.  
Rewri�ng the �me discre�za�on equa�on, the 
transient energy residual vector 𝝓𝝓𝑻𝑻𝑻𝑻 can be 
writen: 

𝝓𝝓𝑻𝑻𝑻𝑻�𝑻𝑻(𝑛𝑛+1,𝑘𝑘)� = �𝑮𝑮(𝑻𝑻(𝑘𝑘))  + 𝑯𝑯 � 𝑻𝑻(𝑛𝑛+1,𝑘𝑘) + 𝑺𝑺

−𝑪𝑪 
𝑻𝑻(𝑛𝑛+1,𝑘𝑘) − 𝑻𝑻(𝑛𝑛)

Δ𝑡𝑡
 

Or in a more compacted form, the transient 
residual is the steady state residual minus the 
capacitance term: 

𝝓𝝓𝑻𝑻𝑻𝑻�𝑻𝑻(𝑛𝑛+1,𝑘𝑘)� = 𝝓𝝓𝑺𝑺𝑺𝑺�𝑻𝑻(𝑛𝑛+1,𝑘𝑘)�

− 𝑪𝑪 
𝑻𝑻(𝑛𝑛+1,𝑘𝑘) −𝑻𝑻(𝑛𝑛)

Δ𝑡𝑡
 

This revised residual func�on is adopted in the 
GN solver at each �me step.  Using the past-�me 
temperature vector 𝑻𝑻(𝑛𝑛), future �me 
temperature 𝑻𝑻(𝑛𝑛+1) is computed itera�vely using 
the Generalized Newton’s algorithm outlined 
above.  Essen�ally, each transient �me step looks 
like a steady-state solu�on with a variable 
capaci�ve source term.  

Valida�on Examples 
The cri�cal nature of so�ware valida�on cannot 
be overstated. To this end, ONYX has been 
extensively validated, revealing many code 
deficiencies that have since been corrected.  We 

present a small collec�on of our valida�on cases.  
We also conduct soft-validation by making code-
to-code comparisons for specific test cases.  This 
would be valid if the comparison code were a 
truth source. However, all so�ware codes have 
flaws and it is possible the errors are simply 
repeated.  In any event, our confidence in code 
integrity allows us to move to more complex 
problems.   

Experimental Valida�ons 
Figure 8 presents a combined natural convec�on 
and radia�on test case.  The test data and images 
were taken from the SolariaThermal product 
page [1] with permission. The model is solved to 
steady state.  The maximum IR camera measured 
temperature was 46.4 °C which compares closely 
the ONYX maximum of  47.3 °C. 

 

Figure 9 presents an aerohea�ng predic�on of a 
two-stage biconic sounding rocket.  Rumsey et al. 
[2] presented transient temperatures at various 
sta�ons along the vehicle.  Applying the  
trajectory, defined by al�tude and velocity, a 
transient ONYX simula�on was conducted that 
matched very closely. This u�lized the 
aerohea�ng adapta�on that is discussed in more 
detail below. 

 
Figure 8. Validation case, natural convection 

and radiation cooled surface.  

Radia�on and 
convec�on cooled 

surface that has 
backside heater

Front side convec�on 
and radia�on to 21 °C 
ambient temperature

Heat load 5.44 W
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Code-Code Valida�ons 
The following model comparisons are completely 
generic with no external reference. The 
comparison commercial codes are 
SolariaThermal [1] and COMSOL Mul�physics 
[3].  

Figure 10 presents a comparison of a fin bank 
that has a backside heater.  The maximum ONYX 
and COMSOL model temperatures differ by 20 
°C, nominally 7% different based on the driving 
temperature difference. 

 

Figure 11 presents a comparison of surface-
surface radia�on where a sphere is heated at 100 
W and radiates to adjacent walls.  All surfaces 
have an emissivity of 𝜀𝜀 = 0.9.  The walls are 2 
mm thick Al 6061.  One wall in the x-direc�on is 
atached to a 20 °C temperature boundary 
condi�on. The maximum ONYX and COMSOL 
models agree to with 9 °C, nominally 4% different 
based on the driving temperature difference. 

Special Adapta�ons 
This sec�on describes two recent adapta�ons in 
ONYX that were developed to solve specific 
problems. 

Advec�on Flows 
The advec�on flow conductance matrix is 
constructed in ONYX.  The quad is ideal to 
describe flows with defined advec�ve velocity. 
The 𝑟𝑟𝑟𝑟 plane defines the area of flow passage 
and the property-defined thickness completes 
the 3D hexahedral flow passage.  This is sufficient 
for modeling tube flow that moves energy 
around loops.  The key feature is the applica�on 
of windward or upwind differencing to describe 
𝒖𝒖 ∙ 𝛁𝛁 𝑻𝑻.  The ONYX code determines the upwind 
control volume when compu�ng this term. The 
remaining advec�on conductance is described 
by the mass flowrate, specific heat: 

𝐺𝐺𝐹𝐹𝐹𝐹𝑒𝑒𝑛𝑛 =  𝒎𝒎𝒕𝒕𝐶𝐶𝑝𝑝 ∙ 𝒆𝒆𝒏𝒏 

In this equa�on, the direc�on 𝒆𝒆𝒏𝒏is limited to in-
plane flows, i.e., 𝒆𝒆𝒓𝒓, 𝒆𝒆𝒔𝒔. 

 
Figure 10. Fin bank with backside heater, 

natural convection cooled.  

Fins are 0.5 mm thick, cooled by 
natural convec�on to ambient 20 °C

Backside heat 
load is 100 W

ONYX

COMSOL

°C °C

 
Figure 9. Validation case, two-stage biconic 

aeroheating.  

 
Figure 11. Surface-surface radiation test case.  

ONYX surface-surface 
radia�on model

Center sphere
heated at 100 W

Wall conducts to 
boundary at 20 °C

COMSOL surface-surface 
radia�on model°C °C
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Aerohea�ng 
Aerohea�ng is predicted by conver�ng specific 
boundary quads to adiaba�c wall nodes.  These 
nodes have property defini�ons that carry an 
imbedded trajectory.  This is used to compute 
the adiaba�c wall temperature: 

𝑇𝑇𝐴𝐴𝐴𝐴 = 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑟𝑟(𝑅𝑅𝑅𝑅𝑥𝑥 ,𝑃𝑃𝑃𝑃) (𝑇𝑇𝑥𝑥 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴) 

𝑇𝑇𝑥𝑥 = 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 +
1
2

𝑉𝑉𝑥𝑥2

𝐶𝐶𝑝𝑝(𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴) 

A reference temperature is defined using the 
adiaba�c wall, atmospheric temperature, and 
the unknown quad wall temperature: 

𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 + 0.5 (𝑇𝑇𝑊𝑊 − 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴) + 0.22 (𝑇𝑇𝐴𝐴𝐴𝐴
− 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴) 

This reference temperature is used to evaluate 
the thermal proper�es in the Nusselt correla�on 
and Prandtl number.   

The aerohea�ng predic�on applies the local 𝑥𝑥 
sta�on of the solid surface to compute an x-
dependent Reynolds number 𝑅𝑅𝑅𝑅𝑥𝑥.  Using this 
value, along with a property reference 
temperature 𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅 , the Nusselt number is 
predicted as a func�on of determined 
coefficients (a, b, and c), along with the Prandtl 
number 𝑃𝑃𝑃𝑃 and the x-sta�on defined Reynolds 
number 𝑅𝑅𝑅𝑅𝑥𝑥 according to: 

𝑁𝑁𝑁𝑁𝑥𝑥 = 𝑎𝑎 𝑅𝑅𝑅𝑅𝑥𝑥𝑏𝑏𝑃𝑃𝑃𝑃𝑐𝑐 

The local heat transfer coefficient is computed: 

ℎ𝐶𝐶𝐶𝐶(𝑥𝑥) = 𝑁𝑁𝑁𝑁𝑥𝑥
𝑘𝑘(𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅)

𝑥𝑥
 

Because this varies over the sta�on coordinate, 
an integrated average heat transfer coefficient is 
derived: 

ℎ𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴(𝑥𝑥𝑜𝑜 ,𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆) =
1

𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆
� ℎ𝐶𝐶𝐶𝐶(𝑥𝑥) 𝑑𝑑𝑑𝑑
𝑥𝑥𝑜𝑜+𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆

𝑥𝑥𝑜𝑜
 

This average heat transfer coefficient is 
computed in the ONYX transient simulation by 

using the quad centroid to define the station 𝑥𝑥 
and the quad size span to define 𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆 = ∆𝑟𝑟 .   

Conclusions 
The present paper describes a general purpose 
thermal analysis software that applies a 
common geometry and control volume thermal 
as a means to achieving efficient, fast model 
construction, and solution.  This approach is a 
departure from the current modern CAE 
multidisciplinary toolset that employ body fitted 
meshing from geometry models.  Despite the 
simplicity of the approach, the validations of the 
ONYX tool applied to practical engineering 
problems gives confidence in the solution 
approach and extension of the ONYX toolset to 
more sophisticated problems.   It reinforces the 
notion that fast first-order solutions to most 
engineering problems are sufficient to support  
preliminary design scoping.  
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Appendices 
Conductance Models 
This sec�on presents the formula�ons for the 
conductance models that are used to formulate 
the conductance matrix.   

Conduction Conductance 
The material conduc�on conductance is 
computed using the cross sec�onal area and 
conduc�on length.  The half-conductance 
𝐺𝐺𝑘𝑘𝑒𝑒𝑛𝑛  from the control surface of the virtual 
hexahedral to the centroid is defined by the face 
area 𝑨𝑨 ∙ 𝒆𝒆𝒏𝒏 and the conduc�on distance 1

2
∆𝒓𝒓𝒓𝒓𝒓𝒓 ∙

𝒆𝒆𝒏𝒏 and the thermal conduc�vity in that direc�on 
𝒌𝒌 ∙ 𝒆𝒆𝒏𝒏: 

𝐺𝐺𝑘𝑘𝑒𝑒𝑛𝑛 = 𝒌𝒌 ∙ 𝒆𝒆𝒏𝒏
𝑨𝑨 ∙ 𝒆𝒆𝒏𝒏

1
2� ∆𝒓𝒓𝒓𝒓𝒓𝒓 ∙ 𝒆𝒆𝒏𝒏

 

In this formula�on, 𝒌𝒌 is the anisotropic 
conduc�vity vector in the 𝑟𝑟𝑟𝑟𝑟𝑟 direc�ons. This 
half-conductance component is combined with 
likewise half terms when control volumes 
equivalence on edges or in planes.  This 
conductance is also added in series when 

adop�ng convec�on or radia�on conductance to 
adjoining quads. 

Convection Conductance 
The convec�on conductance 𝐺𝐺𝐶𝐶𝐶𝐶𝑒𝑒𝑛𝑛  is simply the 
project of the computed convec�on heat 
transfer coefficient ℎ𝐶𝐶𝐶𝐶  and the virtual 
hexahedral surface area projected in the 𝒆𝒆𝒕𝒕 
direc�on:   

𝐺𝐺𝐶𝐶𝐶𝐶𝑒𝑒𝑛𝑛 = ℎ𝐶𝐶𝐶𝐶  𝑨𝑨 ∙ 𝒆𝒆𝒕𝒕 

Radiation Conductance 
The radia�on conductance 𝐺𝐺𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 between quads 
𝑖𝑖 and 𝑗𝑗 is defined by the respec�ve temperatures, 
emissivi�es, areas, and shape factor matrix 𝑭𝑭:   

𝐺𝐺𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗

= σ
�𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑗𝑗��𝑇𝑇𝑖𝑖2 + 𝑇𝑇𝑗𝑗2�

1
𝐴𝐴𝑅𝑅𝑅𝑅𝑖𝑖

�1
𝜀𝜀𝑖𝑖
− 1� + 1

𝐴𝐴𝑅𝑅𝑅𝑅𝑗𝑗
�1
𝜀𝜀𝑗𝑗
− 1� + 1

𝐴𝐴𝑅𝑅𝑅𝑅𝑖𝑖𝑭𝑭𝑖𝑖,𝑗𝑗

 

𝐴𝐴𝑅𝑅𝑅𝑅𝑖𝑖 = 𝑨𝑨 ∙ 𝒆𝒆𝒕𝒕𝑖𝑖  

𝐴𝐴𝑅𝑅𝑅𝑅𝑗𝑗 = 𝑨𝑨 ∙ 𝒆𝒆𝒕𝒕𝑗𝑗  

For quad that represent boundary condi�ons at 
fixed temperature, the projected area is assumed 
to be infinite.  This equa�on is then simplified: 

𝐺𝐺𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 = σ 𝜀𝜀𝑖𝑖  𝐴𝐴𝑅𝑅𝑅𝑅𝑖𝑖  𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖  �𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑗𝑗��𝑇𝑇𝑖𝑖2 + 𝑇𝑇𝑗𝑗2� 

The user can adopt a user-defined shape factor 
𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖  to reduce this conductance value.  Note 
this formula�on is not a true grey-body view 
factor predic�on, but it is sufficiently accurate for 
materials with an emissivity 𝜀𝜀 ≥ 0.5. 

Shape Factor Modeling 
The radia�on shape factor matrix 𝑭𝑭 is computed 
for all property-defined par�cipa�ng quads in a 
model.  The property specifies which surface is 
radia�ng with three op�ons: 1) neither side, 2) 
normal posi�ve side, 3) both sides. The shape 
factor matrix is computed by conver�ng the 
con�nuous double integral to a discrete double 
integral over the quad surface.  The con�nuous 

https://www.solariathermal.com/ThermalTestCorrelation.html
https://www.solariathermal.com/ThermalTestCorrelation.html
https://ntrs.nasa.gov/api/citations/19930089362/downloads/19930089362.pdf
https://ntrs.nasa.gov/api/citations/19930089362/downloads/19930089362.pdf
https://www.comsol.com/
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integral for shape factor from quads 𝑖𝑖 and 𝑗𝑗 is 
described by: 

𝐹𝐹𝑖𝑖𝑖𝑖 =
1
𝐴𝐴𝑖𝑖
��

cos(𝜃𝜃𝑖𝑖) cos�𝜃𝜃𝑗𝑗�
𝜋𝜋 𝑟𝑟𝑖𝑖𝑖𝑖

𝑑𝑑𝐴𝐴𝑖𝑖𝑑𝑑𝐴𝐴𝑗𝑗 

Figure 12 shows the angles that are presented by 
quads when making this calcula�on.  Each quad 
in ONYX has a computed surface normal that is 
used in this angle calcula�on.  The surfaces are 
subdivided to perform the double integral 
described above.  The integra�on is one of the 
lengthier computa�ons in ONYX during model 
pre-processing.  In par�cular, the ONYX 
algorithms include obscura�on analysis to 
determine if the vector 𝑟𝑟𝑖𝑖𝑖𝑖 is obscured by other 
model geometry.  Overall, the direct integra�on 
method is not the fastest method to derive the 
shape factor, but it is rela�vely simple to program 
and debug. 

 

 
Figure 12. Shape factor modeling showing quad 

connection and area integration.  

𝜃𝜃𝑑𝑑
𝜃𝜃𝑗𝑗

𝑟𝑟𝑑𝑑𝑗𝑗

Quad 
elements 

that connect 
radia�vely

Shows subdivided 
quads to compute 
the double integral
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