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ABSTRACT 

This report describes the first year of work on a project to develop the methods, tools, and data 
required to analyze high temperature ceramic Concentrating Solar Power (CSP) components.  This 
first year focused on developing the methods and data required for a time-independent assessment 
of potential components, focusing in particular on ceramic solar receivers.  The report describes 
both model development and testing work focused on accomplishing this goal.  Our overall con-
clusion is that high temperature ceramic CSP components are viable and could provide a means to 
overcome the expected low reliability and short service life for equivalent components constructed 
from Ni-based superalloys.  Based on the results reported here, we recommend the project continue 
to Phase II which will develop more sophisticated, realistic models for time-dependent failure of 
ceramics operating in expected CSP component conditions and develop the time-dependent ce-
ramic test data needed to parameterize these models, using commercial SiC as a reference material.
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1 Introduction 

The outlet temperature targets for Gen 3 Concentrating Solar Power (CSP) systems will challenge 
the structural reliability of high temperature metallic materials [1-2].  Moreover, looking ahead, 
process heat requirements to decarbonize industrial processes such as steel and ammonia produc-
tion will require even hotter outlet temperatures [3-4].  Therefore, alternative materials should be 
considered for future CSP systems. 

Advanced ceramics are a promising material system [5].  This class of materials has excellent high 
temperature strength and relatively low thermal expansion.  Current challenges include the limited 
ductility of some materials as well as fabrication and joining ceramics both to themselves and to 
other plant components. 

However, before addressing the manufacturing challenges, first CSP developers will need to de-
termine if high temperature ceramic components are a potentially viable in the context of a com-
plete system design.  The plant operating life is one key factor in assessing the economics of an 
operating system.  As such, system developers need a way to assess the expected operating life of 
ceramic components under the challenging high temperature service conditions that will be found 
in next-generation CSP systems.  An accurate tool for estimating the life of ceramic components 
will allow developers to: 

1. Assess the basic viability of ceramic components by comparing equivalent ceramic and metallic 
component designs. 

2. Compare different ceramic materials based on cost and expected operating life. 

3. Make accurate cost projections for systems including ceramic components. 

This report describes the first year of progress building, testing, and validating a life estimation 
tool for ceramic components for high temperature concentrating solar power systems.  We imple-
mented the tool as an extension to srlife – an open-source software package for evaluating the life 
of high temperature metallic CSP components [6].   

One key difference between our past work on the life of high temperature metallic components 
and the current work on ceramics is that there is considerably more variability in the high temper-
ature strength of ceramics than there is in metallic materials.  Given this variability, ceramic life 
estimation, both at low and elevated temperatures, is typically statistical.  That is, rather than pro-
vide an estimate of the expected service life of a component, the target for a ceramic would be the 
probability distribution that a given components can survive a given loading for a given period of 
time.  The design metric would then be the combination of a desired service life, say 30 years, and 
a required reliability, i.e., the goal is to design a component to last a given amount of time with a 
target reliability. 
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The work to date represents a partial step towards a complete high temperature statistical analysis 
package aimed at calculating this type of design metric for a ceramic CSP component.  Specifi-
cally, the work to date has focused on time-independent failure in ceramic materials.  The standard 
view of ceramic failure is that the material, in the as-manufactured condition, has a microscale 
distribution of flaws.  This flaw distribution is inherent to the material, in the sense of both the 
particular composition and the processing used to form that material into the component or sample.  
Time-independent failure models calculate the probability that a given state of stress at the mac-
roscale will cause the critical flaw in this distribution to grow unstably, i.e., in the sense of fast, 
brittle fracture.  A variety of theories exist for evaluating this probability.  We implemented many 
of the most common failure theories, relying on prior aerospace experiments, particularly at NASA 
[7], working with ceramic components. 

 
 

 

However, time-independent failure models of this type only tell part of the story.  In long-term 
high temperature service crack growth mechanisms like creep, fatigue, and creep-fatigue will alter 
the initial, as-manufactured flaw distribution.  The time-independent failure models we imple-
mented in this performance period will then need to be supplemented with models for how the 
initial flaw distribution grows as a function of time, stress, temperature, and other relevant envi-
ronmental factors.  Developing models of this type and collecting the requisite experimental data 
will be the main focus of the second year of the project. 

In this first year the project accomplished several key research and development goals: 

1. We implemented and validated a library of time-independent ceramic failure models, based 
on prior NASA experience working with high temperature ceramics.  These models and a 
general high temperature ceramic analysis module have been added to the open-source 
srlife software (Chapter 2). 

 
Figure 1.1. Illustration of how time-dependent flaw growth will 

affect the strength of ceramic materials. 
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2. We collected bend test data from samples of a commercial SiC ceramic.  This test data was 
then processed to create the material models needed to execute a time-independent statis-
tical analysis of high temperature CSP components.  In addition, we collected additional 
failure data and corresponding failure models using SiC data from the literature and using 
data on MAX phase composites, collected as part of another project.  These data sources 
allow us to assess the life of high temperature CSP components made from several different 
advanced engineering ceramics, as well as to assess the effect of material processing on the 
strength and reliability of SiC (Chapter 3). 

3. We implemented a simple thermohydraulic simulation capability in srlife.  This simulation 
capability replaces the previous model of relying on outside software to conduct the ther-
mohydraulic system analysis, prior to the built-in thermal and structural solvers in srlife 
being used to determine the temperature and stress fields in the component itself.  This task 
was not part of the original project scope.  However, we found that integrating the thermo-
hydraulic analysis into srlife greatly simplified the process of comparing CSP receiver de-
signs using widely different materials (i.e., metals and ceramics).  A fair comparison be-
tween material systems for the same receiver design would target the same inlet and outlet 
coolant temperatures given the same incident flux distributions, which, for materials with 
different thermal properties, does not mean the same tube wall thickness.  This new solver 
greatly simplifies the process of making fair comparisons for receivers manufactured from 
different materials (Chapter 4). 

4. Finally, we used the new time-independent ceramic assessment capabilities to assess the 
viability of Gen 3 tubular receivers manufactured from advanced engineering ceramics.  
We compared designs using SiC (both our heat and another commercial heat from literature 
data) and MAX phase materials to a variety of equivalent metallic designs.  These calcula-
tions demonstrate the basic viability of ceramic high temperature receivers, in particular 
those constructed using commercial SiC.  MAX phase materials are also promising, but 
obtaining the required material samples for time-dependent testing may be difficult and 
there is currently significantly batch-to-batch variation in the MAX phase material failure 
data (Chapter 5). 

In addition, a long-lead time order was placed on a creep test system capable of time-dependent 
bend testing.  This system will be a key piece of equipment for gathering time-dependent failure 
data on ceramic materials to support time-dependent statistical failure models. 

Finally, Chapter 6 summarizes our conclusions and recommendations.  In brief, these are: 

• High temperature ceramic CSP receivers are viable competitors when compared to metallic 
designs.  Metallic molten salt or sCO2 receivers operating in Gen III conditions have very 
short service lives.  Ceramic materials, at least analysed using time-independent failure 
models, could be viable for long-term service.   

• We recommend continuing the test campaign to collected time-dependent material data on 
commercial SiC material.  This material is the most likely near-term engineering ceramic 
that could be applied to high temperature CSP systems.  MAX phase materials are also 
promising, but issues with sample preparation and batch-to-batch variability could delay 
the project. 
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• Additional work is required, in consultation with system vendors and component manufac-
turers, to determine acceptable reliability targets.  Typically, life assessment for metallic 
materials is done with deterministic failure models and so we cannot directly map the sta-
tistical estimates of ceramic component lives to current life assessment approaches.  De-
termining target reliability values would provide the missing piece of information needed 
to make fair design comparisons.  Ideally, the target reliability of ceramic components 
would map to the expected or actual reliability of metallic components in service.  How-
ever, given the limited amount of available in-service failure data a more theoretical ap-
proach may be required to link deterministic and statistical life assessment approaches.
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2 Implementation and Verification of Time-independent Ceramic Failure 
Models 

This chapter describes the implementation and verification of several models for the time-inde-
pendent failure of advanced ceramic materials. 

These models all start from the uniaxial failure statistics for a heat of ceramic material, for example 
as quantified by a series of four-point bend tests (see Chapter 3).  The goal of these models is to 
extend that uniaxial failure model to arbitrary states of stress and account for the size effect.  The 
size effect here is the fact that the larger the sample volume the more likely it will be to find a 
critical flaw in that volume.  That is, for ceramics, larger equals weaker.  Figure 2.1 is a taxonomy 
of the various models implemented in srlife. 

 

 

The flow chart categorizes the models based on their dependency on the crack shape (geometry) 
and fracture criteria. The models have been developed to account for polyaxial stresses, under the 
assumption that all the flaws are volume based or distributed throughout the volume. The polyaxial 
stresses defined by the stress tensor is provided by the structural analyses in srlife. The material 
parameters (or characteristics) considered by assuming volume-based flaws are: Weibull modulus 
(𝑚𝑚𝑣𝑣), characteristic strength (𝜎𝜎𝜃𝜃𝑣𝑣), scale parameter (𝜎𝜎0𝑣𝑣), and uniaxial Batdrof crack density coef-
ficient (𝑘𝑘𝑤𝑤𝑣𝑣), which are estimated from experimental test data  

The following subsections describe each model in detail. 

2.1 Principle of Independent Action (PIA) 

This concept involves considering only the tensile principal stresses (𝜎𝜎1,𝜎𝜎2,𝜎𝜎3 ≥ 0) assuming they 
act independently and predicting the probability of failure (𝑃𝑃𝑓𝑓𝑉𝑉) using the Eq. (2.1) for a small, 
uniformly stressed volume element (Δ𝑉𝑉) [8-9].   

 
 

Figure 2.1. Flow chart of time independent failure models implemented in srlife.. 
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(2.1) 

or: 

 𝑃𝑃𝑓𝑓𝑉𝑉 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝑘𝑘𝑤𝑤𝑉𝑉��𝜎𝜎1
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 � (2.2) 

where; 𝜎𝜎𝑖𝑖 = 0 𝑖𝑖𝑖𝑖 𝜎𝜎𝑖𝑖 ≤ 0. 

Note: In the PIA model, compressive stresses are not assumed to contribute to the failure proba-
bility, and hence, their corresponding principal stresses are taken to be zero. Whereas, in the rest 
of the models, when a principal compressive stress exceeds the max principal tensile stress (for 
the same element) by a factor of three, the corresponding reliability is set to unity as per the 
CARES manual specification [7]. 

2.2 Weibull Normal Stress Averaging (WNSA) 

This concept involves considering only the average normal tensile stresses (𝜎𝜎𝑛𝑛�����) in predicting the 
failure probability [10-11]. These stresses are evaluated as shown in Eq. (2.3), from the normal 
tensile stresses (𝜎𝜎𝑛𝑛) resolved on planes discretized over the surface of a sphere (of unit radius) 
defined in principal stress space (𝜎𝜎1,𝜎𝜎2,𝜎𝜎3). The failure probability in Eq. (2.4) involves using a 
polyaxial Batdrof crack density coefficient (𝑘𝑘𝑤𝑤𝑤𝑤𝑣𝑣������), which is derived by equating the failure prob-
ability for uniaxial loading, to the failure probability for polyaxial loading, when the latter is re-
duced to a uniaxial condition (Eq. (2.5)). 

 𝜎𝜎𝑛𝑛���𝑚𝑚𝑉𝑉 = 𝜎𝜎𝑛𝑛���
𝑚𝑚𝑉𝑉 =

∫ 𝜎𝜎𝑛𝑛𝑚𝑚𝑉𝑉 𝑑𝑑𝐴𝐴𝐴𝐴

∫ 𝑑𝑑𝐴𝐴𝐴𝐴
 (2.3) 

 𝑃𝑃𝑓𝑓𝑉𝑉 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑘𝑘𝑤𝑤𝑤𝑤𝑉𝑉𝜎𝜎𝑛𝑛���𝑚𝑚𝑉𝑉 𝑑𝑑𝑉𝑉
𝑉𝑉

� (2.4) 

or 
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 � 

 

(2.5) 

 
𝑘𝑘𝑤𝑤𝑤𝑤𝑣𝑣 = (2𝑚𝑚𝑉𝑉 + 1)𝑘𝑘𝑤𝑤𝑣𝑣 

(2.6) 

2.3 Crack shape dependent models 

The next category of models are crack shape dependent models.  These were originally developed 
by Batdorf and Heinisch [12] and are based on mixed-mode fracture mechanics.  These models 
combine (1) an assumed crack geometry with (2) a mixed-mode fracture criteria to completely 
describe the model.  As such, any combination of a crack geometry in the next subsection and a 
mixed-mode failure criteria in the subsequent section can be combined. 
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2.3.1 Crack geometry 

The incremental probability of failure under an applied stress 𝛴𝛴 in a small, uniformly stressed vol-
ume element (Δ𝑉𝑉) can be written as the following product:  

 
𝛥𝛥𝑃𝑃𝑓𝑓𝑉𝑉(𝛴𝛴,𝜎𝜎𝑐𝑐𝑐𝑐,𝛥𝛥𝑉𝑉) = 𝛥𝛥𝑃𝑃1𝑉𝑉𝑃𝑃2𝑉𝑉 

(2.7) 

where the product terms described by Batdorf and Crose [13] are: 

 𝛥𝛥𝑃𝑃1𝑉𝑉 = 𝛥𝛥𝑉𝑉
𝑑𝑑𝑁𝑁𝑉𝑉(𝜎𝜎𝑐𝑐𝑐𝑐)
𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐

𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐 (2.8) 

𝛥𝛥𝑃𝑃1𝑉𝑉 is the probability of the existence of a crack having a critical stress between 𝜎𝜎𝑐𝑐𝑐𝑐 and 𝜎𝜎𝑐𝑐𝑐𝑐 +
 Δ𝜎𝜎𝑐𝑐𝑐𝑐, in the volume Δ𝑉𝑉, and  

 𝑃𝑃2𝑉𝑉 =
𝛺𝛺(𝛴𝛴,𝜎𝜎𝑐𝑐𝑐𝑐)

4𝜋𝜋
 (2.9) 

is the probability of a crack of critical stress  𝜎𝜎𝑐𝑐𝑐𝑐 oriented in a direction, such that the effective 
stress on it is greater i.e. 𝜎𝜎𝑒𝑒 ≥ 𝜎𝜎𝑐𝑐𝑐𝑐. The critical stress 𝜎𝜎𝑐𝑐𝑐𝑐 is the remote uniaxial strength of a given 
crack in Mode I loading, and the effective stress 𝜎𝜎𝑒𝑒 on the crack is based on the normal 𝜎𝜎𝑛𝑛 and 
shear 𝜏𝜏 components of the total traction vector 𝜎𝜎 acting on the crack plane. 

The term 𝑁𝑁𝑉𝑉(𝜎𝜎𝑐𝑐𝑐𝑐) is the Batdorf crack density function, and Ω(Σ,𝜎𝜎𝑐𝑐𝑐𝑐) is the area of a solid angle 
projected onto a unit radius sphere in principal stress space containing all crack orientations for 
which 𝜎𝜎𝑒𝑒 ≥ 𝜎𝜎𝑐𝑐𝑐𝑐. The solid angle area depends on the (i) fracture criterion (ii) crack configuration, 
and (iii) applied stress. The angle is determined numerically in most cases using the following 
equation: 

 𝛺𝛺(𝛴𝛴,𝜎𝜎𝑐𝑐𝑐𝑐) =  � �� 𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 𝑑𝑑𝑠𝑠
𝜋𝜋
2

0
�𝑑𝑑𝑑𝑑 𝐻𝐻(𝜎𝜎𝑒𝑒 ,𝜎𝜎𝑐𝑐𝑐𝑐)

𝜋𝜋
2

0
 

 

(2.10) 

where 𝐻𝐻(𝜎𝜎𝑒𝑒 ,𝜎𝜎𝑐𝑐𝑐𝑐) = �1    ;   𝜎𝜎𝑒𝑒 ≥ 𝜎𝜎𝑐𝑐𝑐𝑐
0     ;   𝜎𝜎𝑒𝑒 < 𝜎𝜎𝑐𝑐𝑐𝑐

 

The integration limits are based on the symmetry of 𝜎𝜎𝑒𝑒 in the principal stress space, and hence, are 
defined for only the first octant of a unit sphere. Next, the component failure probability is calcu-
lated for applied stresses varying from 0 to 𝜎𝜎𝑒𝑒𝑚𝑚𝑚𝑚𝑥𝑥 : which is the maximum effective stress a ran-
domly oriented flaw could experience. The failure probability is obtained by substituting Eq (2.8) 
and Eq. (2.9) in Eq (2.7) to get the following expression:  

 𝑃𝑃𝑓𝑓𝑉𝑉 =  1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−� � �
𝛺𝛺(𝛴𝛴,𝜎𝜎𝑐𝑐𝑐𝑐)

4𝜋𝜋

𝜎𝜎𝑒𝑒𝑚𝑚𝑚𝑚𝑥𝑥

0

𝑑𝑑𝑁𝑁𝑉𝑉(𝜎𝜎𝑐𝑐𝑐𝑐)
𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐

𝑑𝑑𝜎𝜎𝑐𝑐𝑐𝑐� 𝑑𝑑𝑉𝑉
𝑉𝑉

� 

 

(2.11) 

The integration limits signify that for any given crack, the 𝜎𝜎𝑐𝑐𝑐𝑐 can vary from 0 to 𝜎𝜎𝑒𝑒𝑚𝑚𝑚𝑚𝑥𝑥. On sub-
stituting Eq (2.10) into Eq (2.11), the 𝜎𝜎𝑐𝑐𝑐𝑐 is replaced by 𝜎𝜎𝑒𝑒 as implied by the case for 𝐻𝐻(𝜎𝜎𝑒𝑒,𝜎𝜎𝑐𝑐𝑐𝑐) 
where  𝜎𝜎𝑒𝑒 ≥ 𝜎𝜎𝑐𝑐𝑐𝑐. This is done to cover the flaws on which the effective stress exceeds their critical 
stress. Therefore, their crack density functions will be written as: 
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𝑁𝑁𝑉𝑉(𝜎𝜎𝑒𝑒) = 𝑘𝑘𝐵𝐵𝑣𝑣 𝜎𝜎𝑒𝑒

𝑚𝑚𝑉𝑉(𝑒𝑒,𝑦𝑦, 𝑧𝑧,𝑠𝑠,𝑑𝑑) 
(2.12) 

Substituting the above crack density function (with the effective stress) and the solid angle in Eq 
(2.10), and integrating with respect to 𝜎𝜎𝑐𝑐𝑐𝑐 we get the following form: 

 𝑃𝑃𝑓𝑓𝑉𝑉 =  1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−
2
𝜋𝜋
� � �  � 𝑁𝑁𝑉𝑉(𝜎𝜎𝑒𝑒) 𝑠𝑠𝑖𝑖𝑠𝑠 𝑠𝑠 𝑑𝑑𝑠𝑠 𝑑𝑑𝑑𝑑

𝜋𝜋
2

0

𝜋𝜋
2

0
� 𝑑𝑑𝑉𝑉

𝑉𝑉
� 

 

(2.13) 

To implement Eq (2.13) into a finite element method which involves discrete volume elements 𝑉𝑉𝑖𝑖, 
with Gaussian integration points at which the failure probability is evaluated, the equation can be 
used in the following numerical form: 

 𝑃𝑃𝑓𝑓𝑉𝑉 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−
2𝑘𝑘𝐵𝐵𝑣𝑣
𝜋𝜋

�𝑉𝑉𝑖𝑖

𝑛𝑛

𝑖𝑖=1

�� 𝜎𝜎𝑒𝑒
𝑚𝑚𝑣𝑣(𝑠𝑠,𝑑𝑑)𝑑𝑑𝐴𝐴

𝐴𝐴
�
𝑖𝑖
� 

 

(2.14) 

To formulate crack shape dependent models, the effective stress 𝜎𝜎𝑒𝑒 is required to be evaluated. As 
mentioned earlier, the effective stress is evaluated using 𝜎𝜎𝑛𝑛 Eq (2.16) and 𝜏𝜏 Eq (2.17), and their 
expression depends on the crack orientation in principal stress space. Hence, we then define the 
total stress on the oriented crack through the principal stresses and direction cosines Eq.(2.15). 

 
𝜎𝜎2 = (𝜎𝜎1𝑙𝑙)2 + (𝜎𝜎1𝑚𝑚)2 + (𝜎𝜎1𝑠𝑠)2 

(2.15) 

where l = cos α, m = sin𝑠𝑠 cos𝑑𝑑, 𝑎𝑎𝑠𝑠𝑑𝑑 𝑠𝑠 = sin𝑠𝑠 sin𝑑𝑑; are the direction cosines for the traction 
vector 𝜎𝜎 as shown in the Fig. 2.2. 

 

Based on the above figure, the normal stress on the crack plane is defined as: 

 
𝜎𝜎𝑛𝑛 = 𝜎𝜎1𝑙𝑙2 + 𝜎𝜎2𝑚𝑚2 + 𝜎𝜎3𝑠𝑠2 

(2.16) 

Figure 2.2.  Direction cosines l, m and n of the stress tensor σ in 
principal stress space. 
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and the shear stress component as: 

 
𝜏𝜏2 = 𝜎𝜎2 − 𝜎𝜎𝑛𝑛2 

(2.17) 

2.3.2 Mixed-mode failure criteria 

To evaluate the effective stress 𝜎𝜎𝑒𝑒, the crack shape and fracture criteria must be specified. Accord-
ing to Batdorf and Heinisch [12] the assumption that fracture occurs when the local stress at some 
point on the surface of the crack cavity reaches the ultimate strength of the material, leads to the 
criteria that depend on crack shape. The criteria shown in the flow-chart (Fig. 2.1) are adopted 
from literature and implemented here. 

2.3.2.1 Griffith’s maximum tensile stress (MTS) criteria 

In case of a Griffith crack, the solution for the effective stress is: 

 

 𝜎𝜎𝑒𝑒 =  
1
2
�𝜎𝜎𝑛𝑛 + �𝜎𝜎𝑛𝑛2 + 𝜏𝜏2� 

 
(2.18
8) 

whereas the solution for a Penny shaped crack (which has greater shear sensitivity) is: 

 𝜎𝜎𝑒𝑒 =  
1
2
�𝜎𝜎𝑛𝑛 + �𝜎𝜎𝑛𝑛2 + �

𝜏𝜏
1 − 0.5𝜐𝜐�

2
� (2.19) 

where 𝜐𝜐 is the Poisson ratio. 

2.3.2.2 Griffith’s total co-planar strain energy release rate (CSE) criteria 

The total strain energy release rate is expressed in terms of the different modes of loading as: 

𝐺𝐺𝑇𝑇 =  𝐺𝐺𝐼𝐼 + 𝐺𝐺𝐼𝐼𝐼𝐼+𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼 

The above equation can be re-written in terms of the stress intensity factors (K) as:  

 𝐾𝐾𝐼𝐼𝐼𝐼2 = 𝐾𝐾𝐼𝐼2 + 𝐾𝐾𝐼𝐼𝐼𝐼2 +
𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼2

1 − 𝜐𝜐
 

 
(2.20) 

which becomes a criterion to help derive the solution for the effective stress. Here 𝐾𝐾𝐼𝐼 = 𝜎𝜎𝑛𝑛√𝜋𝜋𝑎𝑎 
and 𝐾𝐾𝐼𝐼𝐼𝐼 = τ√𝜋𝜋𝑎𝑎 where 2a is the crack length. In case of a Griffith crack (assuming mode I and II 
dominate and III is neglected) the solution is: 

 𝜎𝜎𝑒𝑒 =  �𝜎𝜎𝑛𝑛2 + 𝜏𝜏2 
 (2.19) 

and in case of a Penny shaped crack (which has greater shear sensitivity) the solution is: 
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 𝜎𝜎𝑒𝑒 =  �𝜎𝜎𝑛𝑛2 + �
𝜏𝜏

1 − 0.5𝜐𝜐�
2
 (2.20) 

 

The above two criteria are formulated assuming the cracks grow/extend in their own plane, an 
assumption that can lead to a too high fracture stress [12].  

2.3.2.3 Shetty’s mixed-mode (SMM) criteria 

Shetty in his work [14] implemented a modified equation proposed by Palaniswamy and Knauss 
[15], on the mixed-mode fracture of structural ceramics, based on the stress intensity factors. The 
equation’s final form is: 

 
𝐾𝐾𝐼𝐼
𝐾𝐾𝐼𝐼𝐼𝐼

+ �
𝐾𝐾𝛿𝛿
𝐼𝐼�𝐾𝐾𝐼𝐼𝐼𝐼

�
2

= 1 

 

(2.21) 

where 𝐾𝐾𝛿𝛿 can be either 𝐾𝐾𝐼𝐼𝐼𝐼 or 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼, whichever is dominant and �̅�𝐼 is an empirical constant adjusted 
to best fit the data. Shetty found a range values of 0.8 ≤ �̅�𝐼  ≤ 2.0 for materials such as soda-lime 
glass and various ceramics with large cracks. The value of �̅�𝐼 is proportional to shear insensitivity 
in the above equation. Substituting the normal and shear stresses in Eq (2.23), the solution for the 
equivalent stress for a Griffith crack is: 

 𝜎𝜎𝑒𝑒 =  
1
2
�𝜎𝜎𝑛𝑛 + �𝜎𝜎𝑛𝑛2 + �

2𝜏𝜏
�̅�𝐼
�
2

� (2.22) 

and for a penny-shaped crack is: 

 𝜎𝜎𝑒𝑒 =  
1
2
�𝜎𝜎𝑛𝑛 + �𝜎𝜎𝑛𝑛2 + �

4𝜏𝜏
�̅�𝐼(2 − 𝜈𝜈)

�
2

� 

 

(2.23) 

2.3.3 Comparison 

To compare all the above criteria, including WNTSA, a polar diagram plot can be made of the 
effective stresses as a function of crack orientation, which is basically a 2D projection of the 3D 
stress state. Assuming for simple tension case: σn =  σcos(θ)2and τ =  σcos(θ)sin(θ), the eval-
uated σe for an arbitrary criteria can be shown in Fig. 2.3(a) from Batdorf and Heinisch [12]. A 
polar plot is created from all the criteria (presented earlier) and shown in Fig. 2.3(b) The arrows 
indicate the direction of the conservativeness between the models. 
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Figure 2.3.  (a) Polar plot of solid angle Ω containing all crack normals for which effective stress > critical stress. (b) 

Polar plot showing the effective stress/normal stress for all the models presented in Chapter 3, with respect to the 
critical stress. GF denotes Griffith crack/flaw and PSF denotes penny shaped crack/flaw. 

2.4 Verification 
The validation is done by simulating the test case presented in CARES manual [7] and comparing 
the results. In the test case a circular disk is transversely loaded, and its failure probability is 
calculated using all the models. The problem statement is as follows: 
i. A circular disk made of Alumina is simply supported and transversely loaded as demon-

strated experimentally in Rufin and Bollard [17] as shown in Fig. 2.4. 
ii. The disk dimensions are: diameter = 51.6 mm, thickness = 1.8 mm 
iii. The radius of support = 23.4 mm  
iv. The radius of pressurized area = 23.4 mm  
v. Material properties of Alumina are: 

i. Youngs modulus = 405 GPa 
ii. Poisson ratio = 0.25 

vi. The parameters obtained after a Weibull fit to the experimental data are:  
 𝑚𝑚𝑉𝑉 = 28.53  
 𝜎𝜎0= 169.7 𝑀𝑀𝑃𝑃𝑎𝑎 𝑚𝑚3/28.53 or 350.8 𝑀𝑀𝑃𝑃𝑎𝑎 𝑚𝑚𝑚𝑚3/28.53  
 𝑘𝑘𝑤𝑤𝑤𝑤𝑣𝑣 = 58.06 

vii. The transverse disk loading was varied from 1.24 and 1.79MPa (180 to 260 psi) and the 
failure probability was evaluated at discretized values of pressure.  

(a) (b) 
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viii. In the CARES manual, a finite element (FE) method was implemented on a 7.5 degree 
segment of the disk. Based on the stresses obtained from the FE analysis, the failure prob-
ability was evaluated for the whole disc. 

ix. For the srlife model validation, a FE method was implemented on a disk segment of 45 
degrees as shown in Fig. 2.6 and the failure probability was obtained similarly for the whole 
disc. 

 
 

 
Figure 2.5. (a) Geometry, loading, and boundary condition (b) quarter symmetry 3D finite element model, and (c) 
example results from structural analysis of the transversely loaded circular disc example provided in CARES/LIFE 
manual [3]. 
 
x. A comparison between the results obtained from both the CARES and srlife model is 

shown in the Table 2.1, and the values are plotted in Fig. 2.7 As observed from the data 
and plots, the results from srlife match with those from CARES manual.  

Figure 2.4. Pressurized disk experimental test. 
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xi. A comparison between the experimental data from Rufin and Bollard [16] and the srlife 
curves in Fig. 2.8, shows the Shetty model for the penny shaped flaw is closest to the ex-
perimental data, similar to what was observed in the CARES manual. 

On the basis of this comparison, we conclude that we correctly implemented all the time independ-
ent ceramic failure models. 
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Table 2.1. Comparison between probability of failure values obtained from PIA and WNTSA models for different 

mixed stresses. 
Pressure Probability of failure (Pfv) 

(MPa) srlife 
  PIA Weibull MTS CSE SMM 
      GF PSF GF PSF GF PSF 

1.24100 0.00018 0.00080 0.00096 0.00101 0.00116 0.00135 0.00634 0.02303 
1.31000 0.00082 0.00373 0.00449 0.00472 0.00543 0.00632 0.02936 0.10335 
1.37900 0.00355 0.01605 0.01928 0.02024 0.02327 0.02705 0.12092 0.37616 
1.44800 0.01424 0.06309 0.07538 0.07904 0.09044 0.10453 0.40485 0.85045 
1.51700 0.05270 0.21800 0.25605 0.26710 0.30076 0.34076 0.85893 0.99923 
1.58600 0.17520 0.58310 0.65084 0.66894 0.71993 0.77288 0.99906 1.00000 
1.65500 0.47740 0.94760 0.97117 0.97590 0.98629 0.99323 1.00000 1.00000 
1.72400 0.87530 0.99990 0.99999 0.99999 1.00000 1.00000 1.00000 1.00000 
1.79300 0.99830 0.99990 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 

         
Pressure Probability of failure (Pfv) 

(MPa) CARES 
  PIA Weibull MTS CSE SMM 
      GF PSF GF PSF GF PSF 

1.24100 0.00020 0.00080 0.00100 0.00100 0.00120 0.00140 0.00650 0.02400 
1.31000 0.00090 0.00390 0.00450 0.00480 0.00500 0.00640 0.03010 0.10740 
1.37900 0.00370 0.01670 0.01930 0.02070 0.02340 0.02730 0.12380 0.38810 
1.44800 0.01490 0.06560 0.07550 0.08050 0.09100 0.10530 0.41230 0.86130 
1.51700 0.05520 0.22580 0.25610 0.27130 0.30210 0.34270 0.86520 0.99940 
1.58600 0.18260 0.59730 0.65070 0.67540 0.72160 0.77490 0.99920 1.00000 
1.65500 0.49290 0.95330 0.97110 0.97740 0.98650 0.99340 1.00000 1.00000 
1.72400 0.88650 0.99990 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
1.79300 0.99870 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
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Figure 2.6.  Comparison of failure probabilities from CARES manual (symbols) and srlife, generated using the models 
(a) PIA, WNTSA, MTS, CSE, and SMM for penny-shaped flaw and (b) MTS, CSE and SMM for Griffith flaw. 
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2.5 Summary and discussion 

Figures 2.3 and 2.8 show that the order of conservativeness (shown the red arrow direction) be-
tween the models is as follows: 

PIA < WNTSA < MTS_GF < MTS_PSF < CSE_GF < CSE_PSF < SMM_GF < SMM_PSF 

A model is said to be more conservative in comparison to another model if it predicts a higher 
probability of failure for a given state of stress. Amongst all the fracture-based models, the Shetty 
model for a penny shaped flaw/crack is observed to be the most conservative, and closest to the 
experimental data.  

However, the order of the conservativeness is slightly different for the reference receiver problem 
discussed below. For the reference receiver problem, CSE model turns out to be the most con-
servative, followed by SMM, MTS, WNTSA, and PIA. However, the CSE model may be too 
conservative because it is agnostic towards the type of stress. The equivalent stress in the CSE 
model is calculated on positive values of the normal and shear stresses, even if they are compres-
sive in nature. Since the condition of setting reliability to unity is applied in the CARES manual 
and srlife tool, the effect of compressive stresses is falsely seen as tensile in the expressions of the 
CSE model. This results in lowering the reliability (of the CSE model) compared to other models. 
Hence, it is recommended to not use the CSE model, when applying srlife on ceramic receivers. 
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Figure 2.7. Comparison of failure probabilities predicted from all the models implemented in srlife, with the 
experimental data from Rufin and Bollard [16]. 
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The remaining models are all at least reasonable for use in design evaluations.  The Shetty models 
may be more accurate but require the Shetty coefficient, which in turn requires biaxial failure data 
to determine.  If this data is available, we recommend the use of this model.  If it is not available, 
we recommend the MTS model as a simple model that does not require multiaxial failure data. 
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3 High Temperature Ceramic Material Data 

3.1 Overview    

We conducted tests on a Si-C commercial grade ceramic to demonstrate the types of testing re-
quired to produce ceramic failure models of the type. To report its failure strength data, four-point 
flexure tests were conducted on rectangular beam shaped samples of the ceramic with dimensions 
as shown in the Table 3.1, and test configuration as shown in Figure 3.1. Tests were conducted at 
room temperature (RT) and high temperature (HT = 750° C) following ASTM standards C1161-
18 [17] and C1211-18 [18], respectively. The room temperature tests were conducted in the Ap-
plied Materials Division at Argonne National Laboratory, while the high temperature tests were 
conducted at Touchstone Testing Lab.  

Table 3.1. Average dimensions of samples 
 

Average  
Width (mm) 4.05 
Height (mm) 2.99 
Length (mm) 45.71 

 
 

 
Figure 3.1. Configuration of four-point bend test where L = 40 mm. 

3.2 Experimental results 

The four-point flexure tests were conducted up to failure at each temperature, and the peak load 
was recorded. The load value was then used to determine the flexure strength using Eq. (3.1). The 
above steps were performed for all the tests conducted at RT and HT. A summary of the tests 
conducted, and results is shown in Table 3.2.  

 𝜎𝜎𝑓𝑓 =
3
2
𝐹𝐹 ∗ (𝐿𝐿 − 𝑙𝑙)

𝑏𝑏ℎ2
 

 

(3.1) 

where the length L represents supports span and l represents the load span.  
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Table 3.2. Summary of tests conducted, and results obtained. 
 
 
 
 

 

 

To understand the evolution of the flexural strength with temperature the strengths are plotted in 
Figure 3.2 to show a comparison between the data obtained at the respective testing temperatures. 
The data shows that the average strength remains unchanged, as it decreases only by 2 MPa (from 
252 MPa to 250 MPa) when the temperature increases from 28° C to 750° C. A comparison of the 
current experimental values with those from literature for a dense sintered commercial 𝑠𝑠- SiC is 
shown in Figure 3.3. The values from literature are overall larger than those obtained from current 
experiments, but they too remain unchanged with temperature, as they show only a drop in average 
strength of 2 MPa, from 20° C to 800° C.   

 
  

Material Experimental data 
SiC Temperature 

(oC) 
Number of 

tests 
performed 

Unbiasing 
factor 

Flexure 
strength (MPa) 

Commercial 
grade 

28  14 0.901 252.074 
750 15 0.908 250.229 
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Figure 3.2. Flexure strength (MPa) vs density (g/cc) from high temperature tests on 
SiC commercial grade. 
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Figure 3.3. Comparison of flexure strength (MPa) data from current experiments on commercial SiC and literature 

values on α- SiC [21]. 

3.3 Processing the data 

In this section the flexure strength data and the dimensions of the samples are used to estimate the 
Weibull distribution, following ASTM standard C1239-13 [19]. In the ASTM standard, the prob-
ability that an advanced ceramic will fail under an applied uniaxial tensile stress σ is given by the 
cumulative distribution function Eq. (3.2) as formulated by Weibull [20]. 

Assuming the strength-controlling flaws are randomly distributed through the volume of the ma-
terial, the distribution for volume-based flaws can be alternatively described by Eq. (3.3). The 
parameters in Eq. (3.2) are Weibull modulus (𝑚𝑚), characteristic strength (𝜎𝜎𝜃𝜃) (associated with test 
specimen), and they are estimated using flexure strength data from experiments [21]. A Weibull 
two parameter model (scripted in python) is used to fit the experimental data. The scale parameter 
(𝜎𝜎0) (strength relative to unit size) is further evaluated using Eq. (3.5) where 𝑚𝑚𝑉𝑉 = 𝑚𝑚, and even-
tually implemented in Eq. (3.3) to evaluate the failure probability. While the uniaxial Batdrof crack 
density coefficient (𝑘𝑘𝑤𝑤𝑉𝑉) is evaluated from the scale parameter in Eq. (3.6). 

 
𝑃𝑃𝑓𝑓𝑉𝑉 = �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−�

𝜎𝜎
𝜎𝜎𝜃𝜃
�
𝑚𝑚
�

0      𝑖𝑖𝑖𝑖   𝜎𝜎 ≤ 0
    𝑖𝑖𝑖𝑖   𝜎𝜎 > 0   

 

(3.2) 

 

 
𝑃𝑃𝑓𝑓𝑉𝑉 = �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−� �

𝜎𝜎
𝜎𝜎0𝑣𝑣

�
𝑚𝑚𝑉𝑉

d𝑉𝑉
𝑉𝑉

�

0      𝑖𝑖𝑖𝑖   𝜎𝜎 ≤ 0
    𝑖𝑖𝑖𝑖   𝜎𝜎 > 0 

(3.3) 
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𝑃𝑃𝑓𝑓𝑉𝑉 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑘𝑘𝑤𝑤𝑉𝑉 �𝜎𝜎𝑚𝑚𝑉𝑉 d𝑉𝑉

𝑉𝑉
� 

(3.4) 

 

 

𝜎𝜎0𝑣𝑣 =  𝜎𝜎𝜃𝜃 

⎝

⎜
⎛
𝑉𝑉 ∗ ��𝐿𝐿𝑙𝑙� ∗ 𝑚𝑚𝑣𝑣  + 1�

2 ∗ (𝑚𝑚𝑣𝑣 + 1)2

⎠

⎟
⎞

1
𝑚𝑚𝑣𝑣

 

(3.5) 

 

 𝑘𝑘𝑤𝑤𝑣𝑣 = (𝜎𝜎0𝑣𝑣)−𝑚𝑚𝑣𝑣 (3.6) 

 
where 𝑉𝑉 = 𝑏𝑏 ∗ 𝑑𝑑 ∗ 𝐿𝐿  is the volume of the gage section 

Table 3.3. Weibull distribution parameter estimates for SiC (commercial grade). summarizes all 
the parameters obtained from fitting a Weibull two-parameter model to the flexure strength data 
from SiC. Figure 3.4 shows the calibrated probability distributions, and the legend in each plot 
shows the values of the fitted parameters. The plot axes are scaled in such a way that the fitted 
distribution (model) is a straight line. The experimental data points either fall on it or close to it 
and lie within the blue shaded region which represents the confidence intervals. The more the 
number of data points, the thinner is the confidence interval. The parameters 𝜎𝜎𝜃𝜃 and 𝑚𝑚 are deter-
mined using a maximum-likelihood function applied on the data, and the straight line is plotted 
using the parameters. The current parameter values were generated by assuming a unimodal failure 
distribution, with no censoring, similar to the method demonstrated in ASTM C1239 [18].  
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The scale parameter and the strengths are then used to evaluate the cumulative failure probability 
using Eq. (3.3) which is plotted for the SiC ceramic in Figure 3.5. The parameters 𝑚𝑚𝑣𝑣 and 𝜎𝜎𝜃𝜃 in 
Table 3.3 are observed to reduce with temperature, while 𝜎𝜎0 increases with temperature. As 
observed in Figure 3.5(a) the failure probability when evaluated using 𝜎𝜎𝜃𝜃 increases with 
temperature, whereas in Figure 3.5(b) the failure probability evaluated using 𝜎𝜎0 decreases with 
temperature. 

 
 

Table 3.3. Weibull distribution parameter estimates for SiC (commercial grade). 

 

SiC Weibull distribution parameters 
Commercial 
grade 

Temperature 
 

(oC) 

Weibull 
modulus 

(𝑚𝑚𝑣𝑣) 
 

Weibull 
modulus 

(𝑚𝑚𝑣𝑣) 
(unbiased) 

Characteristic 
strength (𝜎𝜎𝜃𝜃) 

(MPa) 

Scale 
parameter 

(𝜎𝜎0𝑣𝑣)  
(MPa-

(mm)^(3/m)) 

Batdorf crack 
density coefficient 

(𝒌𝒌𝒃𝒃𝒃𝒃�����) 

28  7.38 6.65 266.46 411.28 14.3 
750 6.97 6.33 264.11 419.68 13.66 

 

(a) 

Figure 3.4. Failure probability plots for SiC (commercial grade) at (a) room temperature (b) high temperature (750° C). 

(b) 
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3.4 MAX phase test data 
As a part of another on-going project, four-point flexure tests were conducted on Ti3SiC2 MAX 
Phase ceramic, at room temperature and several higher temperatures. A summary of the tests and 
results is provided in Table 3.4. The strength of the ceramic is plotted in Figure 3.6 and compared 
with respect data from literature. The MAX Phase ceramic is known to show a “brittle to plastic 
transition” around 1100° C, which is observed as a rapid drop in strength with temperature. The 
drop in strength from the current experiments was observed to be from 900° to 1000° C. It was 
then followed by a rise until 1200° C, which is an unusual trend compared to the those observed 
in the literature. 

 
 
 

Table 3.4. Summary of tests conducted on MAX Phase material. 

Material Experimental data 

𝑻𝑻𝑻𝑻𝟑𝟑𝑺𝑺𝑻𝑻𝑪𝑪𝟐𝟐 

Temperature 
(oC) 

Number of tests 
performed 

Flexure 
strength (MPa) 

28  15 519.233 
800 2 464.5 
900 2 459.0 
1000 6 322.667 
1200 6 357.50 

Figure 3.5. Cumulative probability distribution plots for SiC (commercial) using (left) characteristic strength 𝜎𝜎𝜃𝜃  and 
(right) scale parameter 𝜎𝜎0 i.e. for unit volume. 
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4 Thermohydraulic Solver for Tubular Panel Receivers 

srlife now includes a basic thermohydraulic model for calculating heat transfer from the net inci-
dent flux on a tubular panel receiver, through the tube material, and into the flowing working fluid.  
This new feature was not in the original proposed research plan.  However, in the course of pre-
paring models to compare ceramic receiver to metallic receiver designs we realized that integrating 
the thermohydraulic analysis into srlife greatly simplified the analysis required to make a fair com-
parison between comparable receivers made from widely different material categories. 

Previously, a srlife user would need to complete the thermohydraulic analysis in a separate simu-
lation code.  The input to srlife proper was the net incident flux distribution on each tube in the 
receiver and the fluid temperature and flow rate along each tube in each flow path, as a function 
of the axial position along each tube.  This information was sufficient to solve for the tube tem-
peratures using a transient, 3D, finite different solver built into srlife. 

𝑇𝑇0 = 𝑇𝑇𝑖𝑖𝑛𝑛𝑖𝑖𝑒𝑒𝑖𝑖 

𝑇𝑇1 

𝑇𝑇2 

𝑇𝑇2 = 𝑇𝑇𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖 

Figure 4.1. Simplified panel flow path model used in the thermohydraulic solver. 
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The thermal properties of ceramics and metals are significantly different.  A fair comparison be-
tween a receiver with similar operating characteristics but constructed from two different materials 
would fix the incident flux (or at least the peak flux) and the fluid inlet and outlet temperatures.  
To meet these fixed conditions, either the tube thickness or the fluid flow rate will need to be 
varied from material to material.  This will generally require iterating on, for example, the fluid 
flow rate in order to match the target outlet temperature.  This iteration requires many individual 
thermohydraulic analyses to find the correct flow rates. 

Iterating between srlife and an external thermohydraulic solvers is inconvenient and adds signifi-
cantly to the time required to complete one analysis.  Given that one of the objectives for srlife 
was to provide a fast tool for receiver life assessment [6] we decided to integrate the thermohy-
draulic analysis into srlife proper.  This allows the user to execute an analysis of this type (i.e., 
find the required flow rate and then estimate the system life) in one step, without relying on exter-
nal software. 

We implemented a simple thermohydraulic solver in srlife.  Figure 4.1 illustrates the basic data 
structure used in the analysis.  We assign each panel in the receiver to an ordered flow path.  Fluid 
starts at a user-specified (time-dependent) inlet temperature and mass flow rate and moves through 
each panel in in the flow path order.   In each panel the fluid absorbs heat from the incident solar 
flux and carries part of that heat out of the panel through convection.  The thermohydraulic solver 
then solves for the fluid temperature and flow rate along each point in the flow path, including the 
final outlet temperature and flow rate.  In the process, it also solves for the coupled temperature 
field in the solid tubes. 

The solver makes several simplifying assumptions to produce an efficient (fast) thermohydraulic 
solver that nevertheless captures the key details of heat transfer in a tubular panel receiver: 

1. Frictional losses are negligible in solving for the flow rate.    This means we can completely elim-
inate the fluid flow equations from the simulation and simply assume that the mass flow rate into 
and out of each panel in the flow path is constant. 

2. The fluid temperature variation across each individual panel is linear.  This means we do not have 
to solve a field equation along the flow path.  Instead, we simply balance the heat entering and 
leaving each individual panel. 

3. Each panel starts and ends in a manifold which perfectly mixes the fluid temperature.  That is, the 
fluid temperature in each tube in a panel is the same at the start and end of the tube (though the 
start and end temperatures will be different). 

The resulting solver is essentially a bookkeeping exercise.  The unknown variables are the fluid 
temperatures in between each panel along a flow path (where the start temperature of panel 𝑖𝑖 + 1 
is equal to the end temperature of panel 𝑖𝑖).  The user provides the inlet temperature (i.e., the start 
temperature for the first panel) and the inlet flow rate.  The solver then balances heat transfer 
within each panel to solve sequentially for the fluid temperature in between each panel in the flow 
path and at the final flow path outlet. 
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While each tube within a panel is generally identical, the incident solar flux on each tube in a panel 
is generally not the same.  Therefore, the solver needs to be able to represent each individual tube 
in a panel.  As an abstraction, we allow the user to provide the fluxes (and geometrical information) 
for a limited number of representative tubes in each panel along with a weight factor.  This weight 
factor represents the number of actual tubes represented by each representative tube.  For example, 
if there are 100 tubes in the actual panel and the user explicitly represents the panel with 3 repre-
sentative tubes then valid panel weights might be 25, 50, and 25.  The requirement is that the tube 
weights total to the actual number of tubes in the panel. 

The thermohydraulic solver unknowns are the fluid temperatures in between each panel 𝑇𝑇𝑖𝑖  where 
𝑇𝑇0 is the user-defined inlet temperature.  The goal is to find each of these temperatures, for each 
flow path, as a function of time for a discrete number of time steps spanning the user-provided 
incident flux distributions.  The following solution procedure solves these temperatures for a given, 
fixed time.  The process can be repeated to solve for the transient temperature distribution. 

4.1 Thermohydraulic solver procedure 

The solver begins with a guess for each interpanel temperature 𝑇𝑇𝑖𝑖.  By default, this guess is equal 
the converged temperature values for the previous time step.  The user must provide the initial 
conditions for the entire flow path, in addition to the time-varying inlet temperature.  The solver 
labels each panel with a pair of indices, i.e. panel 12  connects fluid temperatuers 𝑇𝑇1 and 𝑇𝑇2.  The 
temperature distribution along each tube in a panel is then given by 

 𝑇𝑇𝑖𝑖𝑖𝑖,𝑘𝑘 =
𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖
𝑙𝑙𝑖𝑖𝑖𝑖

�𝑧𝑧 − 𝑙𝑙𝑖𝑖𝑖𝑖� + 𝑇𝑇𝑖𝑖 
(4.1) 

with  𝑙𝑙𝑖𝑖𝑖𝑖 the tube height and 𝑧𝑧 an arbitrary position along the tube.  The fluid velocity in each tube 
is 

 𝑣𝑣𝑖𝑖𝑖𝑖,𝑘𝑘 =
�̇�𝑚

𝜌𝜌(𝑇𝑇)𝐴𝐴𝑖𝑖𝑖𝑖,𝑘𝑘
 (4.2) 

with �̇�𝑚 the flow path mass flow rate,  𝐴𝐴𝑖𝑖𝑖𝑖,𝑘𝑘 the tube cross-sectional area, and 𝜌𝜌(𝑇𝑇) our first material 
property correlation: the fluid density as a function of temperature.  To further simply the analysis, 
we evaluate the fluid properties required in the analysis at the average tube temperature: 

 𝑇𝑇�𝑖𝑖𝑖𝑖,𝑘𝑘 =
𝑇𝑇𝑖𝑖 + 𝑇𝑇𝑖𝑖

2
 (4.3) 

The fluid property dependence on temperature is omitted in the subsequent discussion, assumed 
always to be evaluated at the tube mean temperature. 
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The solver assembles a system of nonlinear equations representing heat balance in each panel in 
the flow path.  Each panel provides a single equation, meaning a flow path with 𝑠𝑠 panels has 𝑠𝑠 
equations.  There are 𝑠𝑠 + 1 values describing the interpanel fluid temperatures.  However, the first 
temperature in the chain (the inlet temperature) is fixed by the user, meaning the number of un-
knowns balances the number of heat balance equations. 

For each individual panel the heat balance can be simply expressed as 

 �̇�𝑄𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �̇�𝑄𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑛𝑛𝑣𝑣 (4.4) 

that is, the heat transferred out of the panel by mass flow is balanced by the heat transferred into 
the panel by convection between the tube (in turn heated by the incident flux) and the moving 
fluid.  We can simply describe each side of this heat balance equation with: 

 �̇�𝑄𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �̇�𝑚𝑐𝑐𝑤𝑤�𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖� (4.5) 

where 𝑐𝑐𝑤𝑤 is the temperature-dependent heat capacity of the fluid, evaluated again at the tube mean 
temperature, and 

 
�̇�𝑄𝑖𝑖𝑖𝑖,𝑐𝑐𝑜𝑜𝑛𝑛𝑣𝑣 = � 𝑠𝑠𝑖𝑖𝑖𝑖,𝑘𝑘 � � ℎ�𝑇𝑇�𝑖𝑖𝑖𝑖,𝑘𝑘, 𝑣𝑣𝑖𝑖𝑖𝑖,𝑘𝑘� �𝑇𝑇𝑚𝑚𝑒𝑒𝑖𝑖𝑚𝑚𝑖𝑖 (𝜃𝜃, 𝑧𝑧) −

𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑖𝑖
𝑙𝑙𝑖𝑖𝑖𝑖

�𝑧𝑧 − 𝑙𝑙𝑖𝑖𝑖𝑖�
2𝜋𝜋

0

𝐿𝐿𝑖𝑖𝑖𝑖,𝑘𝑘

0

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒

𝑘𝑘=1

− 𝑇𝑇𝑖𝑖� 𝑟𝑟𝑖𝑖𝑖𝑖,𝑘𝑘𝑑𝑑𝜃𝜃𝑑𝑑𝑧𝑧 

(4.6) 

where 𝑠𝑠𝑖𝑖𝑜𝑜𝑡𝑡𝑒𝑒 is the number of representative tubes included in the user input, ℎ�𝑇𝑇�𝑖𝑖𝑖𝑖,𝑘𝑘, 𝑣𝑣𝑖𝑖𝑖𝑖,𝑘𝑘� is the 
fluid convective heat transfer coefficient as a function now of both the mean tube fluid temperature 
and the fluid velocity,  𝑇𝑇𝑚𝑚𝑒𝑒𝑖𝑖𝑚𝑚𝑖𝑖 (𝜃𝜃, 𝑧𝑧) is the tube temperature on the inner diameter of the tube as a 
function of axial and circumferential position, and  𝑟𝑟𝑖𝑖𝑖𝑖,𝑘𝑘 is the tube inner radius. 

Conceptually then, the thermohydraulic solver simply assembles the heat balance equations and 
solves them for each time step.  However, there are two complications: 

1. The fluid properties (density 𝜌𝜌, heat capacity 𝑐𝑐𝑤𝑤, and film coefficient ℎ) all depend on temperature, 
meaning the resulting heat balance equations are nonlinear. 

2. The amount of heat actually transferred into the fluid by convection between the inner tube wall 
and the fluid depends on the details of transient heat transfer between the net incident flux on each 
tube (which the user provides) and the convection on the tube inner diameter.  That is, we need to 
solve a coupled, 3D heat transfer equation for the tube temperatures in order to specify the input 
heat in each panel. 

We solved these challenges by: 
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1. Solving the nonlinear heat balance equations using Newton’s method.  This requires the Jacobian 
of the nonlinear system (i.e., the derivative of the discrete heat balance equations with respect to 
temperature).  We obtained this Jacobian using automatic differentiation using the jax  python mod-
ule [23]. 

2. Using the existing 3D, finite different heat transfer solver built into srlife to solve for heat transfer 
between the incident flux and the fluid (i.e. through the solid tube) [6].  Previous work describes 
the verification and validation of this solver, which takes as input the incident flux into the tube 
and the convective heat transfer out of the tube into the working fluid. 

#2 here poses yet another challenge, as the solid tube heat transfer solver is itself nonlinear with 
respect to the fluid temperature.  We therefore use a nested set of iterative loops to solve for the 
temperatures in both the solid tubes and the fluid: 

[Outer loop] Iterate between solid heat transfer and thermohydraulic solvers, using the film tem-
perature as the interface between the two solvers. 

[Inner loop #1] Solve for the fluid temperature using the process outlined above 

[Inner loop #2] Solve for the tube solid temperatures using the existing 3D finite difference solver. 

Both inner loops are solved using Newton’s method.  The outer iteration is solved using Picard 
iteration.  This means convergence between the solid and fluid temperatures is less than optimal.  
If needed, we could improve convergence here by converting to Newton’s method in the future.  

4.2 Validating the thermohydraulic solver 

Previous work describes the validation of the finite difference solid heat transfer solver, leaving 
only to validate the thermohydraulic heat transfer solver itself.  We verified the model by compar-
ing the numerical solution to two simple problems with analytical solutions: an isothermal case 
and a constructed case with constant fluid properties.  In both cases a hand calculation can establish 
the temperatures along the flow path at all points.  

We then validated the model by comparison to previous simulations where we used external soft-
ware to calculate the fluid temperature along each flowpath in the receiver.  Specifically, in the 
past we have assumed a linear temperature distribution along the entire flowpath.  We validated 
the new thermohydraulic simulations by comparison to these past results.  The fluid temperature 
profiles are different, specifically the new thermohydraulic receiver results in a somewhat nonlin-
ear fluid temperature distribution.  However, the overall results, including the final life estimation, 
match with the past results, suggesting that the new solver is providing accurate fluid temperature 
fields. 

4.3 Fluid thermal properties 

The new thermohydraulic solver requires detailed fluid properties for the receiver working fluid.  
Specifically, the model requires correlations for the fluid: 

1. Density 

2. Heat capacity 
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3. Convective film coefficient 

As functions of the fluid temperature and flow velocity. 

4.3.1 General material model 

The general material model constructed for the solver assumes that the fluid density 𝜌𝜌, the heat 
capacity 𝑐𝑐𝑤𝑤, the dynamic viscosity 𝜇𝜇, and the conductivity 𝑘𝑘 are all polynomial functions of abso-
lute temperature.  The remaining material property is then the film coefficient, which we calculate 
using the Gneilinski [24] correlation: 

 
𝑁𝑁𝑁𝑁 = �

(𝑖𝑖/8)(𝑅𝑅𝑒𝑒 − 1000)𝑃𝑃𝑟𝑟
1 + 12.7�𝑖𝑖/8(𝑃𝑃𝑟𝑟2/3 − 1)

𝑅𝑅𝑒𝑒 ≥ 2000

4.01 𝑅𝑅𝑒𝑒 < 2000
 

(4.7) 

with the friction factor given as  

 𝑖𝑖 = (0.79 log𝑅𝑅𝑒𝑒 − 1.64)−2 (4.8) 

and 𝑅𝑅𝑒𝑒 the Reynold’s number and 𝑃𝑃𝑟𝑟 the Prandtl number.  We calculate the Reynold’s number 
based on tubular flow: 

 
𝑅𝑅𝑒𝑒 =

𝜌𝜌𝑣𝑣2𝑟𝑟
𝜇𝜇

 
(4.9) 

The threshold in the Gneilinski correlation approximately accounts for laminar flow for very low 
flow velocities.  

4.3.2 Specific fluid data 
As discussed above, the thermohydraulic analysis in srlife requires temperature dependent 
properties of the heat transfer fluid flowing inside the receiver tubes. Table 4.1 lists the required 
fluid properties as polynomial functions of absolute temperature for a chloride salt. Tables 4.2 and 
4.3 list the polynomial equations to calculate properties of supercritical carbon dioxide (sCO2).  
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Table 4.1. Properties of chloride salt (32% MgCl2 / 68% KCl). Valid for temperature between 723K to 1073K. 
Properties unit Values as function of temperature, 𝑇𝑇 (𝐾𝐾) 

𝐼𝐼𝑤𝑤 [25]  W-hr/kg-K 989.6+0.1046×(𝑇𝑇−273.15−430)
3600

   

𝜌𝜌 [25]  kg/mm3 1903.7−0.552×(𝑇𝑇−273.15)
109

  

𝜇𝜇 [25]  kg/(mm-hr) �1.4965×10−2−2.91×10−5×(𝑇𝑇−273.15)+1.784×10−8×(𝑇𝑇−273.15)2�∗3600
1000

  

𝐾𝐾 [25]  W/(mm-K) 0.5047−0.0001×(𝑇𝑇−273.15)
103

  

 
 

Table 4.2. Isobaric properties of sCO2. Valid for temperature between 600K to 1050K. 
Properties Unit Values as function of temperature, 𝑇𝑇 (𝐾𝐾), 

coefficients are in Table 4.3 
𝐼𝐼𝑤𝑤 [26, 27] W-hr/kg-K (𝑎𝑎3𝑇𝑇3 + 𝑎𝑎2𝑇𝑇2 + 𝑎𝑎1𝑇𝑇 + 𝑎𝑎𝑜𝑜) ∗ (1000

3600
)       

𝜌𝜌 [26, 27] kg/mm3 𝑡𝑡3𝑇𝑇3+𝑡𝑡2𝑇𝑇2+𝑡𝑡1𝑇𝑇+𝑡𝑡𝑜𝑜
109

  

𝜇𝜇 [26, 27] kg/(mm-hr) (𝑐𝑐3𝑇𝑇3 + 𝑐𝑐2𝑇𝑇2 + 𝑐𝑐1𝑇𝑇 + 𝑐𝑐𝑜𝑜) ∗ (3600
1000

)  

𝐾𝐾 [26, 27] W/(mm-K) (𝑑𝑑1𝑇𝑇 + 𝑑𝑑𝑜𝑜) ∗ ( 1
1000

)  

 
 

Table 4.3. Values of the coefficients in Table 4.2. 
 Pressure 

15 MPa 17.5 MPa 20 MPa 22.5 MPa 25 MPa 

𝐼𝐼𝑤𝑤 

𝑎𝑎3 -9.4933233E-10 -1.1685899E-09 -1.3681834E-09 -1.5548926E-09 -1.7276167E-09 
𝑎𝑎2 2.5033584E-06 3.1301961E-06 3.7044140E-06 4.2423677E-06 4.7397405E-06 
𝑎𝑎1 -1.9712267E-03 -2.5808187E-03 -3.1434114E-03 -3.6712605E-03 -4.1595349E-03 
𝑎𝑎𝑜𝑜 1.6815588E+00 1.8881690E+00 2.0805359E+00 2.2614582E+00 2.4292163E+00 

𝜌𝜌 

𝑏𝑏3 -3.3073597E-07 -4.0624749E-07 -4.8330438E-07 5.6114332E-07 -6.3649998E-07 
𝑏𝑏2 1.0188972E-03 1.2453441E-03 1.4759544E-03 1.7084570E-03 1.9341521E-03 
𝑏𝑏1 -1.1274061E+00  -1.3673222E+00 -1.6107768E+00  -1.8554983E+00 -2.0937634E+00 
𝑏𝑏𝑜𝑜 5.1621766E+02 6.1751149E+02 7.1956920E+02 8.2162318E+02 9.2138362E+02 

𝜇𝜇 

𝑐𝑐3 -2.0609813E-15 -5.3841198E-15 -9.4112643E-15 -1.4034587E-14 -1.9298371E-14 
𝑐𝑐2 -5.3958426E-14 9.7343653E-12 2.1501577E-11 3.4982102E-11 5.0257231E-11 
𝑐𝑐1 3.4009896E-08 2.3989810E-08 1.2087897E-08 -1.4827705E-09 -1.6761751E-08 
𝑐𝑐𝑜𝑜 1.0295015E-05 1.4047191E-05 1.8416027E-05 2.3346716E-05 2.8842485E-05 

𝐾𝐾 𝑑𝑑1 6.8949965E-05 6.7610877E-05  6.6123439E-05  6.4498526E-05  6.2752351E-05  
𝑑𝑑𝑜𝑜 4.6932789E-03 6.3413421E-03 8.1250053E-03 1.0040558E-02 1.2078258E-02 
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5 Assessing the Viability of Ceramic Receivers 

We assessed the viability of ceramics as structural material for high temperature CSP receivers 
using a reference receiver model. The goal of the reference model is not to actually design a re-
ceiver, but rather to serve as a realistic test bed to assess different potential ceramic materials, such 
as SiC and Ti3SiC2 MAX Phase, for receiver tubes. The reference model is also used to assess 
different time-independent failure models of ceramics, as discussed above, in terms of their ap-
plicability and conservatism for designing high temperature ceramic receivers. Finally, a compar-
ison between metallic and ceramic receiver designs is made using the reference receiver model.  

5.1 Reference receiver 

The reference receiver model is a 17 m diameter, 21 m tall, 360° external cylindrical receiver. 
Figure 5.1 shows the radiation heat flux map on the receiver at noon and the variation in heat flux 
during the day. We used SolarPILOT [28] to determine the heat flux map on the receiver through 
an optimization analysis for a thermal design power of 500 MWt and maximum DNI of 750 
kW/m2. Figure 5.1(a) indicates the heat flux map is symmetric about the north-south axis, we 
therefore considered two serpentine flow paths, each containing six panels for the heat transfer 
fluid (HTF). The HTF enters the receiver at the north side through Panel-1 and leaves the receiver 
at the south side through Panel-6. Each panel consists of 100 tubes with 42.2 mm outer diameter. 
We considered chloride salt (properties are in Table 4.1) as the HTF for the receiver. The HTF 
inlet and outlet temperatures are 550°C and 720°C, respectively.  

 

 

 

Figure 5.1. (a) Heat flux map on the reference receiver at noon. Numbers 1 to 6 indicates the 
panels in the receiver along two flow paths. (b) Heat flux variation during the day. 



Design Methods, Tools, and Data for Ceramic Solar Receivers Year 1 Continuation Report  
August 2022 

 

34 

5.2 Thermohydraulic analysis 

We performed thermohydraulic analysis of the reference receiver considering two representative 
tubes – one with the highest heat flux and one with the lowest heat flux – from each panel and 
considering a panel weight factor of 50 for each tube. A receiver may operate under constant design 
mass flow rate, variable mass flow rates to keep the HTF outlet temperature constant, or a combi-
nation of constant and variable mass flow rates. We considered variable mass flow rates for the 
reference receiver. The mass flow rate at each time step was optimized in an iterative manner so 
that the fluid outlet temperature is always about 720°C. Figure 5.2 plots the optimum mass flow 
rate for the reference receiver considering 1 mm thick tubes and SiC as the tube material. The 
figure also plots the HTF and tube crown temperatures along the flow path under the optimum 
mass flow rates. The figure plots these temperatures for the two representative tubes per panel 
considered in analysis. As the figure indicates, at the start of the day the fluid temperature is con-
stant, 550°C along the flow path. As the incident heat flux is transferred to the HTF, the tempera-
ture changes to a nonlinear profile along the flow path, going from 550°C at the inlet to 720°C at 
the outlet. This fluid temperature profile stays nearly constant all day due to the variable mass flow 
rates. The tube crown temperature profile along the flow path, on the other hand, always changes 
with time following the changes in the incident heat flux and the convective film coefficient of the 
HTF. Figure 5.2 also shows a contour plot of tube outer surface temperature at noon for one of the 
two representative tubes per panel considered in analysis. The contour plot indicates large variation 
in tube temperature both along the axial and circumferential directions, as expected for an external 
receiver. 

 
Figure 5.2. (a) Variation in fluid mass flow rate, optimized to achieve nearly constant, 720°C outlet 
temperature. (b) Changes in fluid and tube crown temperatures (shown for two representative tubes 
per panel considered in simulation) along the flow path from the start of the day to noon. (c) Tube 
outer wall temperature distribution (shown for Tube-1) at noon. Results are from thermohydraulic 
analysis of the reference receiver considering SiC as the tube material and for 1 mm thick tubes. 

Numbers 1 to 6 indicates the panels in the receiver along two flow paths. 
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5.3 Structural analysis 

We performed structural analysis of the reference receiver using the tube temperature distributions 
determined in the thermohydraulic analysis and under a design fluid pressure. The design fluid 
pressure was determined based on the frictional pressure loss between the inlet and outlet at the 
maximum mass flow rate and head loss due to the height of the receiver (i.e., tube length). Since 
the frictional pressure loss depends on the fluid velocity, the design pressure depends on the thick-
ness of the tube. The design fluid pressures are 2.2 MPa, 2.6 MPa, and 3.2 MPa for 1 mm, 2 mm, 
and 3 mm thick tubes, respectively. For structural analysis we considered the tubes in a panel as 
rigidly connected to the tube manifold but the panels are mechanically disconnected from each 
other. Previous work [6] on metallic receivers indicates that structural analysis considering the 
hottest and coldest tubes in a panel provides a conservative estimation of the life of the receiver. 
Therefore, the structural analysis here considers only the hottest and coldest tubes in the panel. 

Figure 5.3 shows results from structural analysis of the reference receiver considering SiC as the 
tube material and 1 mm tube thickness. We considered a linear elastic model to represent the de-
formation of SiC. The contour plots of different stress components in Figure 5.3 indicate the axial 
(zz) stress component is significantly higher than the other two stress components. This is expected 
as the tubes are subjected to axial constraint by the tube manifold as well as axial bending due to 
the circumferentially large temperature difference. An important observation from the analysis is 
that the high stress locations in the tubes are mostly in compression. This has a significance in 
selecting a failure model for ceramic receiver design as ceramic materials are much stronger in 
compression than tension. A model that does not distinguish between tensile and compressive 
stresses will more likely predict much lower reliability for ceramic receivers than models that do.  
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5.4 Reliability analysis 

We performed reliability analysis of the reference receiver for two ceramic materials – SiC and 
Ti3SiC2 MAX Phase. Reliability analysis requires the 𝑚𝑚 and 𝜎𝜎0 Weibull coefficients for the mate-
rial for all the failure models. The SMM models requires an additional parameter, �̅�𝐼 which is the 
ratio of the critical value of Mode II stress intensity factor, KII in pure Mode II loading the Mode 
I fracture toughness, KIC. Determining the value of �̅�𝐼 requires performing fracture tests in mixed 
mode conditions which is beyond the scope of the project. To be able to use the SMM models, we 
considered �̅�𝐼 = 1.5, a value in the range of 0.8 ≤ �̅�𝐼  ≤ 2.0 found by Shetty [14] for ceramic ma-
terials. Table 5.1 lists the material parameters used in reliability analysis of SiC and Ti3SiC2 MAX 
Phase tubes. 

Note Table 5.1 lists two sets of parameters for SiC – one from literature and one determined from 
the experiments conducted as part of this project. There is a significant variation in the material 
parameters between the SiC (literature) and SiC (tested). Specifically, the low value of m for SiC 
(tested) indicates significant variation in the tested sample which may result in very low reliability 
of the receiver tubes. 

Figure 5.3. Stress distributions (shown for Tube-1) at noon. Results are from structural analysis of 
the reference receiver considering SiC as the tube material and for 1 mm thick tubes. Numbers 1 to 

6 indicates the panels in the receiver along two flow paths. 
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Also note that the parameters for Ti3SiC2 MAX Phase at 800°C are based on only four tests – two 
conducted at 800°C and two conducted at 900°C – and therefore the variability in the material 
strength might not be captured entirely. 

Table 5.1. Material parameters used in reliability analysis. 
 Temperature 

(°C) 
Weibull 
modulus, 𝑚𝑚 

Scale parameter, 𝜎𝜎0 
(MPa-(mm)^(3/m)) 

Mixed mode 
constant, �̅�𝐼 

SiC 
(literature) 
[29] 

25 10.70 507 1.5& 

800 10.70 467 1.5& 

SiC (tested) 
25 7.38 411 1.5& 

800$ 6.97 419 1.5& 

Ti3SiC2 
MAX Phase 

25 36.26 528 1.5& 

800# 25.34 489 1.5& 
$ parameters are based on tests performed at 750°C. # parameters are based on only 4 tests: two at 800°C and two at 900°C. & a random value 

selected based on 0.8 ≤ 𝐼𝐼̅  ≤ 2.0 for ceramic materials. 

Using the stress results from the structural analysis, srlife performs the reliability analysis by cal-
culating the reliability at each time step using the ceramic failure model selected by the user. At 
the end of the analysis, srlife provides the reliability for individual tubes considered in analysis. 
As discussed above, the current ceramic failure models implemented in srlife are time-independent 
models. The individual tube reliability, therefore, is the minimum reliability during the load cycle 
considered. Note following the CARES manual srlife assigns a reliability of 1 to the elements with 
minimum principal stress larger than three times the maximum principal stress. 

The bar chart in Figure 5.4 shows the reliability of individual tubes considered in the analysis 
based on the PIA model. These results are for 1 mm thick tubes and considering SiC (literature) 
as the receiver material. The minimum value of the individual tube reliabilities then can be used 
as the measure of the reliability of the receiver tubes. 
 

 

 

Figure 5.4. Individual tube reliabilities of the reference receiver using PIA model. Tube material: 
SiC (literature) and tube thickness: 1 mm. 
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5.4.1 Reliability vs failure models 

We assessed the ceramic failure models in terms of their conservatism and applicability for high 
temperature receiver. Figure 5.5 compares the minimum tube reliability of the reference receiver, 
considering SiC (literature) as the tube material and 1 mm thick tubes, computed using different 
failure models discussed above. The figure ranks the model in the following order in terms of their 
conservatism in calculating reliability of receiver tubes: 

PIA < WNTSA < MTS_GF < MTS_PSF < SMM_GF < SMM_PSF< CSE_GF < CSE_PSF 

This order is different than the order found for the transversely loaded circular disc example prob-
lem in CARES manual. The SMM models, as discussed above, calculate the least reliability for 
the circular disc problem, while the CSE models calculate the least reliability for the receiver tubes. 
We believe this is due to an inherent flaw in the CSE models. The effective stress (Eq. 2.21 and 
Eq. 2.22) formulations in the CSE models are agnostic towards the type of stress, as it is always 
calculated on positive values of the normal and shear stresses, even if the stresses are compressive 
in nature. As indicated by Figure 5.3, the receiver tubes experience compressive stresses at many 
locations and therefore CSE models calculate much lower reliability than other models. We there-
fore do not recommend CSE models for reliability assessment of receiver tubes. Among other 
models the SMM models are the most conservative. However, reliability assessment using SMM 
models requires an additional material parameter, �̅�𝐼 which can be determined only from biaxial 
tests. If the value of �̅�𝐼 is not available for a material, designers may try different values of �̅�𝐼 in the 
range 0.8 ≤ �̅�𝐼  ≤ 2.0 and report both the least and most conservative estimations of reliability. 
Designer may avoid using SMM models if �̅�𝐼 is not available. In that case, the MTS_PSF model 
would provide the most conservative estimation of reliability.  

 

 

Figure 5.5. Minimum tube reliability vs ceramic failure model. Tube material: SiC (literature) and 
tube thickness: 1 mm. 
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5.4.2 Reliability vs tube thickness 

Additive manufacturing techniques are expected to be used to manufacture the ceramic receiver 
tubes. The current 3D printed sintered ceramic tubes at ANL (as part of another project) are thicker 
than 1 mm. This requires assessment of the reference receiver for different tube thicknesses. Figure 
5.6 compares the minimum tube reliability for different tube thickness. The figure indicates reduc-
tion in reliability as tube thickness increases. With the increase of tube thickness the primary 
stresses reduce but the secondary stresses increase due to higher through thickness thermal gradi-
ent. Since the pressure load is significantly less than the thermal load for this reference (chloride 
salt) receiver, the reduction in primary stresses with thickness increase is not as significant as the 
increase in thermal stresses and hence lower reliability. An opposite trend might be possible for 
receivers that operate using high pressure HTF such as sCO2. 

 

5.4.3 Reliability vs materials 

Figure 5.7 compares the reliability of the reference receiver with 3 mm thick tubes for different 
tube materials: SiC (literature), SiC (tested), and Ti3SiC2. The reliability for Ti3SiC2 tubes is al-
ways 1 irrespective of the failure model. The reliability of SiC (literature) tubes is in between 0.97 
and 0.99 depending on the type of failure model is used. The SiC tested as part of this project 
exhibits near zero reliability for all the failure models. As discussed above, the m value for this 
SiC is very low (~ 7) which indicates large variability in the material’s strength and therefore tallies 
probability of failure even at very low stress values. We plan to purchase SiC with higher m value 
for next year’s test campaign examining time-dependent properties. 

Figure 5.6. Minimum tube reliability vs tube thickness. Tube material: SiC (literature). 
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5.5 Comparison with metallic receivers 
Finally, the viability assessment of ceramic materials for high temperature receiver must include 
a comparison between ceramic and metallic receivers. However, there is no easy way to compare 
these two material groups as the failure criteria are very different. For metallic receivers, we can 
directly estimate the life of the receiver by calculating the creep-fatigue damage accumulation for 
each load cycle. Life estimation is not possible for ceramic receivers, rather a check on the target 
reliability can be performed. Selecting the value of target reliability depends on many factors such 
as availability of the experimental data from similar parts/components, consequences of failure of 
the actual component, etc. To the best of our knowledge, there is no such failure data available for 
ceramic tubes subjected to solar incident as well as internal fluid pressure. Failure data for different 
type of components are available in literature. For example, proof tests of the ceramic turbine 
wheels of Marcedes-Benz research car 2000 [30] showed a time-independent reliability of 0.87 – 
0.98. 
 
Table 5.2 lists the estimated life of the reference receiver for two high temperature nickel based 
metallic alloys and the reliability of the receiver for two ceramic materials. Note the tube thickness 
is 1 mm for the metallic receivers and 2 mm for the ceramic receivers. The difference in tube 
thickness between two types of materials is based on the most optimum design as well as the 
viability of manufacturing of such tubes. For the ceramic materials, the table lists reliability using 
MTS (PSF) model because this model, as discussed above, provides the most conservative 
estimation after the SMM models. SMM models require the value of �̅�𝐼 which is not available. The 
table indicates estimated life of the metallic receiver is 44 days for A740H and 96 days for A282, 
while the reliability of ceramic receiver is above 0.98 for both SiC (literature) and Ti3SiC2 
 MAX Phase. 

Figure 5.7. Minimum tube reliability vs tube material. Tube thickness: 3 mm. The bar for SiC 
(tested) is not visible because tube reliability for this material is about zero for all the models. 
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The expected life of the metallic receivers is very short, in line with past estimates of the expected 
operating life of Ni-based superalloy receivers operating in these high temperature conditions.  By 
contrast, the time-independent reliability of the ceramics is excellent – especially as the metallic 
life predictions here use best-estimate material properties and so might reasonably represent a me-
dian life estimate corresponding to a reliability of 0.5.  While a comprehensive assessment will 
require time-dependent ceramic failure data and corresponding failure models, this initial assess-
ment suggests that high temperature ceramics may make tubular sCO2 and molten salt receivers 
viable for designs with >700° outlet temperatures. 

Table 5.2. Comparison between metallic and ceramic receivers. 

 
A740H 
1 mm thick 
tubes 

A282 
1 mm thick 
tubes 

SiC (literature) 
2 mm thick tubes 

Ti3SiC2 
2 mm thick tubes 

Life (criteria: creep-
fatigue) 44 days 96 days - - 

Time-independent 
reliability (Model: 
MTS_PSF) 

- - 0.987 1.000 
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6 Conclusions 

This report describes the extension of the open-source CSP component design and analysis pro-
gram srlife to analyze and evaluate components constructed from engineering ceramics.  The cur-
rent report describes the first year of progress on this project which focuses on time-independent 
ceramic failure.  The key activities in this first year were: 

1. We modified the software tool srlife to analyze time-independent, high temperature ceramic failure.  
These models were mostly developed through past work at NASA.  We verified our implementa-
tion of the models by direct comparison to simulation results from the CARES/LIFE program, 
developed by NASA, reported in the CARES/LIFE manual. 

2. We added a thermohydraulics solver to srlife to allow us to make a fair comparison between equiv-
alent metallic and ceramic receiver designs. 

3. We collected the data required to parameterize the time-independent failure models for commer-
cially-obtained SiC.  This required completing a test matrix of high and room temperature bend 
tests on samples of the material and postprocessing the data to obtain Weibull statistics for this 
batch of SiC. 

4. We supplemented the SiC test data with data obtained from the literature on other batches of com-
mercial SiC and with Ti3SiC2 MAX Phase data collected as part of another DOE-sponsored project. 

5. We then used the new capabilities in srlife and the test data to analyze prospective ceramic solar 
receiver designs, using both MAX phase and commercial SiC material.  We compared the results 
of these analyses to comparable analyses of equivalent metallic receiver designs using Ni-based 
superalloy materials. 

6. We placed a long lead time order for a creep frame capable of high temperature bend tests on 
ceramic materials.  This will be a critical piece of equipment for phase II of the project. 

Our recommendations and conclusions, based on this work, are: 

1. High temperature ceramic receivers are viable and should be explored further. 

2. Proceed to the second phase of the project looking at time dependent ceramic failure using com-
mercial SiC as the target material.  The second phase of the project will develop models for time-
dependent ceramic failure and collect the required time-dependent failure data to support the mod-
els.  While the MAX phase materials may be somewhat stronger at the relevant temperatures, dif-
ficulty in obtaining repeatable material samples would likely slow or prevent completion of the 
required high temperature, time-dependent testing. 

3. As a general recommendation, we suggest using the Griffith's maximum tensile stress (MTS) cri-
teria assuming a penny-shaped flaw for time-independent analysis of ceramic receivers. 
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