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Highlights

Impact of asymmetrical heating on the uncertainty propagation of flow parameters
on wall heat transfers in solar receivers

Martin David,Adrien Toutant,Francoise Bataille

e A heat transfer correlation is used to determine wall heat flux sensitivity.

Uncertainty propagation in symmetric and asymmetric heating are compared.

The general uncertainty management procedure provides reliable results.

e The bulk temperature and the cold wall temperature require accurate measurements.

The uncertainty propagation is very dependent on the location in the solar receiver.
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ABSTRACT

Uncertainties may skew the understanding of experiments or numerical simulations re-
sults. The impact of the flow parameters uncertainties of measurement on wall heat
flux is investigated in a non-isothermal turbulent channel flow. A heat transfer cor-
relation dedicated to gas-pressurized solar receivers of concentrated solar tower power
is used. Both symmetric and asymmetric heating conditions are tested. A sensitivity
study is performed. The effects of the wall and bulk temperatures are analyzed in a
large bulk-to-wall temperature ratio range. The Guide to the expression of Uncertainty
in Measurement (GUM) is applied and provides an analytical expression of the uncer-
tainty propagation. Assuming the quasi-normality and quasi-linearity of the studied
function, this method provides approximate results. The results obtained following the
methodology described in the GUM are then compared to the direct computation of
the wall heat flux with altered temperatures. The study shows a dependence of the
high heat flux estimation to some temperature variations, highlighting the necessity of
accurate measurements. This is particularly salient in the end region of the solar re-
ceiver, ¢.e. when the bulk and the wall temperature are close. The GUM produces very
satisfying estimations in the symmetric conditions and quite satisfying estimations in
the asymmetric conditions. This study shows that the accuracy of measurement devices

should be adapted according to their location in the solar receiver.

1. Introduction

In applied engineering devices, there are many pos-
sible sources of uncertainty: measurement with finite
instrument resolution, personal bias in reading analog
instruments, inadequate knowledge of the effects of en-
vironmental conditions on the measurement [1]. The
committed errors should be put into perspective with
a sensitivity analysis. They may become very prob-
lematic when moving from principles to a function-
ing system. Indeed, while some devices are poorly af-
fected by parameter variations, some are very sensitive
to specific parameters. For example, in gas turbines
the wall temperature variation greatly affects the life-
time of the components: it is generally accepted that
a variation of 20 K in the metal reduces the life of the
components by 50% [2]. Uncertainties may skew the
understanding of the results of experiments or numer-
ical simulations. For that reason, several authors pro-
pose methods to bring uncertainties out. Some stud-
ies dealing with uncertainties in the fields of fluid me-
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chanics and heat transfers are addressed below. Oliver
et al. [3] address two major sources of uncertainty in
statistics computed from Direct Numerical Simulation
(DNS): finite sampling error and discretization error.
They propose a systematic and unified approach to es-
timate these two uncertainty sources when resolving
the Navier—Stokes equations. A Bayesian extension of
the standard Richardson extrapolation that accounts
for both statistical uncertainty and prior information
is formulated. Phillips and Roy [4] investigate the ac-
curacy of various Richardson extrapolation-based dis-
cretization error and uncertainty estimators for prob-
lems in computational fluid dynamics. The Richardson
extrapolation consists in using two solutions on system-
atically refined grids to estimate the exact solution to
partial differential equations. This method is only ap-
plicable when the grids are sufficiently fine. Carneval
et al. [5] propose a stochastic method to predict heat
transfer using Large Eddy Simulation (LES). It con-
sists in coupling a classical uncertainty quantification to
LES in a duct with pin fins. The authors demonstrate
that the uncertainties related to the unknown condi-
tions, named aleatoric uncertainties, and those related
to the physical model, named epistemic uncertainties,
are strongly interconnected. Menberg et al. [6] inves-
tigate three methods for sensitivity analysis in relation
to dynamic, high-order, non-linear behavior and the
level of uncertainty in building energy models. Predic-
tion of uncertainties in heat transfer coefficient deter-
mination is a commonly studied topic. For instance, a
large number of works addresses the uncertainty prop-
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Uncertainty propagation of flow parameters on wall heat transfers

agation when estimating the convection coeflicients in
a wide spectrum of convective heat transfer processes
with the Wilson plot method. Uhia et al. [7] detail the
application of the Guide to the expression of Uncer-
tainty in Measurement (GUM) [1] for calculating the
uncertainty associated with experimental heat trans-
fer data obtained thanks to the Wilson plot method.
They illustrate their work by applying the GUM to the
specific process of condensation of R-134a on a hori-
zontal smooth tube. The impact of the uncertainty of

Nomenclature

Err relative error

L hydraulic diameter [m]

Nu Nusselt number based on hydraulic diameter

Pr Prandtl number

Re Reynolds number based on hydraulic diameter

Ri Richardson number based on hydraulic diame-
ter

T mean wall temperature [K]

T temperature [K]

Y flow parameter

Greek symbols

A uncertainty

A thermal conductivity [W/(K.m)]
0] heat flux [kW /m?|

Subscripts and superscripts
alt altered

asy asymmetric heating conditions
b bulk

cor refering to the correlation

c cold wall

h hot wall

max  maximum

m mean

ref reference

sim refering to the simulation
sym  symmetric heating conditions
w wall

w opposite wall

measurements is discussed on the basis of two normal-
ized coefficients proposed by Coleman and Steele [8]:
the uncertainty magnification factor (UMF) and the
uncertainty percentage contribution (UPC). The effects
of the temperature interference on the results obtained
using the Wilson plot technique are also investigated
by Wojs and Tietze [9]. The authors highlight the im-
portance of using adequate experimental data to obtain
reliable results.

The uncertainty propagation can be quantified with
probabilistic and deterministic methods. The Monte
Carlo approach rely on repeated random sampling. It
is very commonly used in engineering [10-16]. The

methodology has many advantages: it is a general and
powerful technique that can be applied to non-linear
problems. However, the computational cost of Monte
Carlo simulation can easily become prohibitive [17].
Taler [18] details the calculation of the indirect mea-
surement uncertainty using the rule formulated by Gauss
for the uncertainty propagation. The non-linear least
squares method used to estimate parameters and indi-
rectly determined quantities are described and several
examples of uncertainty determination of measured pa-
rameters involved in heat transfer correlations are pre-
sented. Functional expansion-based methods such as

the arbitrary polynomial chaos expansion [19], Karhunen-Loéve

expansion [20], and Neumann expansion [21] can also
be used for uncertainty quantification. The Guide to
the expression of Uncertainty in Measurement (GUM)
provides a local expansion-based method involving the
Taylor expansions. It gives general rules for evaluating
and expressing uncertainty in measurement that are
intended to be applicable to a broad spectrum of mea-
surements. It is considered as a general cross-disciplinary
standard, applicable to all fields. Furthermore, it pro-
duces an analytical expression of the error. The GUM
framework assumes the quasi-linearity and the quasi-
normality of the studied function. The linear approxi-
mation of the function has to be close to the function
in the uncertainty range. The GUM method is particu-
larly advantageous when dealing with reasonable input
variability and outputs that do not express high non-
linearity. For these reasons, this method is selected
to study the sensitivity of the wall heat flux to flow
parameters. The GUM framework is detailed in [1].
Studying convective heat transfer, Hakansson [22] no-
tices some incoherence in the literature when regarding
heat transfer coefficient values. Using the GUM, he
points out that several methods used to determine the
heat transfer coefficient are very dependent on the ac-
curacy of measurements. This could be responsible for
the various results obtained in the literature.

Heat transfer correlations are widely used in engi-
neering field to estimate wall heat flux of complex de-
vices such as automobile radiators [23], heat exchang-
ers [24-26], and solar receivers of concentrated solar
power tower [27]. Correlations allow the estimation
of the heat transfer within, generally, 10% to 20% of
error [27-32]. This accuracy is usually acceptable for
pre-dimensioning. However, it is necessary to consider
the uncertainty of measurements and their propagation
to estimate an error range associated with the heat flux
prediction. Correlation may also be useful to quantify
the heat transfer sensitivity to parameters. Table 1
gives the major results of some studies investigating
uncertainty propagation.

To the author’s knowledge, there is no study ad-
dressing wall heat flux sensitivity in the operating con-
ditions of solar receivers. In this paper, a correlation
developed for both symmetrically and asymmetrically
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Table 1

Major results of some literature papers dealing with uncertainty propagation.

Authors

Topic

Major results

Driscoll and Lan-
drum [33]

Uncertainty on heat transfer
correlations for fuel in copper
tubing. They quantify the in-
fluence of uncertainties on the
engine design.

The overall uncertainty on the Nusselt number can reach 36%. The
magnitude of the uncertainty values and their impact on engine design
parameters highlights the importance of mitigating the Nusselt number
uncertainties.

Scariot et al. [34]

Influence of the uncertainty
of measurements on the fluid
temperature and enthalpy in
carbon dioxide tube flow us-
ing heat transfer correlations.

Results shows that the uncertainty propagation is significantly influenced
by the local conditions. They state that the difficulty to predict experi-
mental data from correlations is due to the observed uncertainty ampli-
fication. In the worst case, the uncertainties on the enthalpy range from
-7% to +15%, considering that the correlation has a 10% uncertainty
under such conditions. These uncertainties are significantly increased if
the accuracy of the correlation decreases.

Dimassi and De-
hamni [35]

Experimental thermal analysis
of a Trombe wall

Uncertainties of thermal heat fluxes can reach 4.8% despite small uncer-
tainties on the temperature, velocity, radiation coefficient, and convection
coefficient measurements.

Sciacchitano and
Wieneke [36]

PIV uncertainty propagation

The uncertainty of the vorticity is estimated typically within 5-10% ac-
curacy, time-averaged velocities are accurate within 5%. The Reynolds
stresses are more difficult to estimate and the PIV gives a prediction
within 10%.

Paudel and
Hostikka [37]

Stochastic simulations of a
compartment fire with Fire
Dynamic Simulation.

The results show that the prediction uncertainty for both gas phase and
solid phase temperature is accurate within 10%.

Zhao et al. [38]

Uncertainty and sensitivity
analysis of flow parameters for
transition models on hyper-
sonic flows.

Uncertainties on heat flux and skin friction coefficient distribution, as well
as uncertainties on the Stanton number, and the onset and length of the
transition zone are investigated. The uncertainty results quantitatively
verify that the transition zone is greatly sensitive to changes in flow pa-
rameters. The transition length and onset are estimated within 10% of
uncertainty.

heated turbulent channel flow is used to quantify the
propagation of the uncertainties of the flow parameters
on the wall heat fluxes. Firstly, the used correlation
is presented in Section 2. The sensitivity of the heat
fluxes to flow parameters is analyzed under symmet-
ric heating conditions and in the working conditions
of gas-pressurized solar receivers of concentrated solar
power tower (Section 3). Then, in Section 4, the re-
sults obtained by the GUM applied to the correlation
are compared to the direct computation of the wall heat
fluxes with the same variations of the input parameters
in both heating conditions. The entire applicable range
of the correlation in terms of bulk-to-cold wall temper-
ature is investigated.

2. Heat transfer correlation for
turbulent channel flow

The correlation proposed by David et al. [27] aims to
estimate the heat transfer in the working conditions of
gas-pressurized solar receivers. This technology is still
in the research stage. Numerous geometries are inves-
tigated in the literature including tubes [39], channels
with vortex generators [40, 41], and thin channels [42,
43]. In the present study, we focus on this last type of

gas-pressurized solar receiver. A bi-periodic channel is
used to model the geometry. The correlation has been
established thanks to 70 Thermal-Large Eddy Simula-
tions, constituting a consequent and reliable database.
In those simulations, the Navier-Stokes equations are
solved under the low Mach number approximation. The
coupling between velocity and temperature is consid-
ered. The thermal dilatation is taken into account. The
density is linked to the temperature variations thanks
to the ideal gas-law. The gravity force is not taken into
account since its impact is negligible in the working con-
ditions. Indeed, the Richardson number is about 1075,
The correlation is obtained for fully developed flows.
The simulations are performed in a bi-periodical chan-
nel. To lower the fluid temperature, a source term is
introduced in the energy equation. It allows to main-
tain a constant bulk temperature. Hence, this tem-
perature corresponds to the average of the fluid tem-
perature along the wall-normal direction. The small
turbulent scales are not solved in LES. Their effects on
bigger turbulent structures are considered thanks to the
Anisotropic-Minimum-Dissipation (AMD) model. This
model showed a good agreement with DNS in similar
conditions [44-46]. The proposed correlation is given
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by:

Tw —0.9
Nu® = 0.024Re}*Pry,* ()
T,

T, 14(1-Fe) I
<Tw - Tb> ’
with Ty, = (T + Te¢)/2.

A term accounting for asymmetric heating condi-
tions is included in the equation to reproduce the heat
transfers at both walls taking into account the respec-
tive effects of one on this other. This term involves
flow parameters in the exponent. The singularity of
the Nusselt number, observed when the bulk temper-
ature (defined as the average fluid temperature) tends
towards the cold wall temperature and explained by
Nield in [47], is reproduced thanks to the difference
of temperature at the denominator of the asymmetric
group. This term, accounting for asymmetric condi-
tion, is equal to 1 in the case of symmetric heating
conditions leading to the correlation presented below:

T\ ~09
Nu®™ = 0.024Re} *Prp* (W> : (2)

Ty
The proposed correlation is studied in the commonly
encountered working conditions of heat exchangers and
solar receivers. The validity domain of the correla-
tion in terms of Reynolds number and temperature
ranges is given in Table 2. The wall temperatures vary
from 293 K to 1300 K. The fluid temperature ranges
from 342 K to 1237 K, Prandtl number is between
0.76 and 3.18, and heat fluxes vary from 4 kW/m? to

578 kW /m?.

Table 2
Applicable domain of the correlation.

Symmetric heating

12000 < Rep, < 177000
0.47 < Ty /T < 0.99

Asymmetric heating

10600 < Rep < 145000
1.1 < Ty/Te < 2.0
0.63 < Tp/Tc < 0.95
0.44 < Ty, /Ty < 0.85

An overview of the point distribution is given in this
paragraph. The values are given indifferently for both
types of heating. The Reynolds number ranges from
10600 to 177000. 25 different values of Reynolds num-
ber are covered with a mean step of 6400. The Prandt
number is between 0.76 and 3.18. The values taken by
the Prandtl number are dependent of the temperatures.
Most of the points are around 3.1, 2.6, 1, and 0.8. The
hot wall temperature is between 586 K and 1300 K.
The covered values are: 586 K, 700 K, 810 K, 900 K,
1100 K, and 1300 K. The cold wall temperature is be-
tween 293 K and 1300 K. It takes the following values:
293 K, 500 K, 700 K, 810 K, 900 K, 1100 K, and 1300 K.
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Nusselt number obtained with the simulation

Figure 1: Relative error on the Nusselt number obtained with
the heat transfer correlation as function of the Nusselt number
obtained by the simulation.

The bulk temperature is between 461 K and 1236 K.
The range is homogeneously covered. There are several
bulk temperature points in every 50 K interval.

The Nusselt numbers obtained with the correlation
proposed by David et al. [27] are plotted against the
Nusselt numbers obtained with the numerical simula-
tions in Figure 1. The relative error on the Nusselt
number is obtained as follows:
_ Nucor - Nusim

(3)

Nu Nusim
Black dots stand for the Nusselt number obtained under
symmetric heating conditions. Red dots, respectively
blue dots, account for the Nusselt obtained at the hot
wall, respectively cold wall, under asymmetric heating
conditions. The Nusselt number range is between 20
and 680. The results show that all the points are within
the 10% error range. A detailed analysis of the data
shows that more than three-quarters of the results are
in the error bound 5%. The determination coefficient
is 0.993. The mean error is 0.29% and the standard
deviation is 4.1%.

In the following, the wall heat fluxes are computed
using the Nusselt numbers obtained with the correla-
tion thanks to equation presented below:

Aw (T — Tp)Nuy
I .

Ow = (4)
Figure 2 aims to give an overview of the wall heat
flux behavior depending on the ratio between bulk tem-
perature and the average of both wall temperatures in
both heating conditions. It permits linking the heat
flux uncertainties presented in Section 4 to the value of
the reference heat flux. The Reynolds number and the
wall temperatures used to obtain Figure 2 are those
referenced in Table 3 for the symmetric heating case
and those referenced in Table 5 for the asymmetric
heating case. The bulk temperature varies between
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]
Asymetric heating, cold wall heat flux

Asymetric heating, hot wall heat flux
------- Symetric heating, wall heat flux

@ 0.60

0.00
0.63 0.68 0.73 0.78 0.83 0.88 0.93 0.98

Th/Tm

Figure 2: Normalized wall heat fluxes as function of the ratio
between bulk temperature and the average of both wall tem-
peratures. The wall temperatures are 1300 K and 900 K in the
case of asymmetric heating. They are of 1100 K in the case of
symmetric heating. The bulk temperature and the Reynolds
number are respectively 700 K and 60 000.

700 K and 1100 K. Hence, this figure is valid for a
fixed Reynolds number of 60 000 and fixed wall tem-
peratures of 1100 K under symmetric heating condition
or 900 K and 1300 K under asymmetric heating con-
ditions. The wall heat fluxes are normalized with the
following equation:

¢ (Tb/ Tm)
T = m (5)
W, max
where ¢, corresponds to the maximum wall heat
flux obtained under symmetric heating and ¢3)™ .

This maximum wall heat flux obtained under symmet-
ric heating is reached for a Reynolds number of 60 000,
a Prandtl number of 0.87, a bulk temperature of 700 K,
and wall temperature of 1100 K. The ratio Ty, /Ty, into
brackets is a functional expression. The wall heat fluxes
are decreasing with the increase of the temperature ra-
tio. For the asymmetric case, the cold wall heat flux is
rapidly diminishing and became equal to zero when the
bulk and cold wall temperatures are the same. On the
hot side, the normalized heat flux is slowly decreasing
and reaches 0.45 for a ratio between bulk temperature
and the average of both wall temperatures of 1. In
the symmetric heating conditions, the wall heat flux is
moderately diminishing.

3. Wall heat flux sensitivity

Studying the sensitivity of wall heat flux with a cor-
relation is an interesting approach to highlight the in-
fluence of each parameter. It gives the measurement
accuracy necessary to provide a reliable prediction of
the wall heat fluxes. In the applicable domain of the
correlation, the estimated wall heat flux sensitivity re-
flects the physic behavior. A high temperature sensi-
tivity calculated with the correlation means that the
physical wall heat flux is greatly impacted by this pa-
rameter. In Subsections 3.1 and 3.2, the wall heat flux

= 198 kW /mZrry =

is computed thanks to the direct application of the cor-
relation. A routine is used to compute the reference
wall heat flux and the altered wall heat flux thanks to
the correlation. The altered wall heat flux is calculated
by altering a single flow parameter from -10% to 10% of
its reference value by step of 0.5%. For each step, the
ratio between the reference and the altered wall heat
flux is computed and reported in Figures 3 and 5.

3.1. Symmetric heating conditions

Firstly, the sensitivity of the wall heat fluxes is stud-
ied in symmetric heating condition. These conditions
are summarized in Table 3.

Table 3

Studied conditions in the symmetric heating case.

Reb Prb Th [K] Tc [K] Tb [K]
60 000 0.87 1100 1100 700

Figure 3 exposes the error on the wall heat fluxes
depending on the error committed on various flow pa-
rameters in the symmetric heating conditions presented
in Table 3. The propagation of the error committed on
the measurements of the wall temperature, the bulk
temperature, the Reynolds number, and the Prandtl
number are studied. The error on the wall heat flux is
computed as follows:

¢> (Yalt) - ¢ (Yref)
¢ (Yref) ’

where Y. = Yier + x% with x ranging between -10%

and 10%. The errors on flow parameters are defined
in the same way that the error on the wall heat flux
and described by equation 3.1. All the temperatures
are expressed in degree Kelvin. The results show that
uncertainties on wall temperature are amplified. They
induce an important error on the wall heat flux. The
bulk temperature and Reynolds number estimations are
less impacting but remain consequent. The wall heat
flux error is mitigated when compared to the error on
the Prandtl number. Indeed, the wall heat flux error is
in the 5% error range. The ranking of the parameters
in terms of influence is independent of the uncertainty
of measurement.

Figure 4 presents the slope of the error propaga-
tion for uncertainties relative to the wall and bulk tem-
peratures. The curves observed in Figure 3 are ap-
proximated by straight lines thanks to the generalized
least-squares method. Four wall temperatures are in-
vestigated. The wall temperature increases from 700 K
to 1300 K. In each case, the bulk temperature is 200 K
below the wall temperature. The investigated cases are
listed in Table 4 The error propagations concerning the
Reynolds number and the Prandtl number are not af-
fected by the thermal conditions that is why they are
not plotted in this figure. The results show that the

(6)
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Error on the wall heat flux [%]

Error on flow parameters [%)]

Figure 3: Error on the wall heat fluxes depending on the error
committed on various flow parameters for symmetric heating
conditions. The results are obtained with the conditions listed
in Table 3.
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Figure 4: Slope of the error propagation in absolute value
for wall and bulk temperatures. Four wall temperatures are
investigated, see Table 4. The bulk Reynolds number is 60 000
for all the tested cases.

slope of the error propagation increases linearly with
the wall temperature. In the studied cases, the slope of
the error propagation corresponding to the wall temper-
ature is higher than the slope of the error propagation
of the bulk temperature.

Table 4

List of the tested cases in Figure 4.

Tw [K] Ty [K] To/Tw
700 500 0.71
900 700 0.78
1100 900 0.82
1300 1100 0.85

3.2. Asymmetric heating conditions

The sensitivity of the wall heat fluxes is studied in
the typical working conditions of gas-pressurized solar
receivers [40]. Asymmetric heating is due to the fact
that one wall is irradiated by the concentrated sun-
light and the opposite wall is insulated on the exterior
face of the solar receiver (the one which is in contact

with ambient air). The flow temperature is increas-
ing as the fluid moves forward. These conditions are
summarized in Table 5. In the following, the insulated
wall is denoted as the "cold wall" for practical reasons.
Nonetheless, in this study and in classical working con-
ditions of solar receiver, for a given axial distance from
the inlet, the mean fluid temperature is lower than the
insulated wall temperature. Indeed, the "cold wall" is
indirectly heated by the concentrated sunlight thanks
to the radiations of the hot wall.

Table 5

Studied conditions in the asymmetric heating case.
Reb PI‘b Th [K] TC [K] Tb [K]
60 000 0.87 1300 900 700

The impact of the error, committed on various flow
parameters, on the wall heat fluxes is plotted in Fig-
ure 5. The results are obtained in the working condi-
tions discussed in Table 5. The bulk-to-cold wall tem-
perature ratio is 0.78, reproducing the working condi-
tions observed in the middle of the solar receiver [40].
As expected, the results show that the uncertainties on
the cold wall temperature (respectively hot wall tem-
perature), induce the biggest uncertainties on the cold
wall heat flux (respectively hot wall heat flux). The
cold wall heat flux is highly sensitive to the bulk tem-
perature. The hot wall is less sensitive to the fluid
temperature. These different behaviors are due to the
asymmetric heating of the fluid. Since the bulk temper-
ature is closer to the cold wall temperature than the hot
wall temperature, the uncertainties are bigger when es-
timating the cold wall heat flux but they are associated
with smaller heat transfers. The opposite wall temper-
atures also have an impact on the wall heat fluxes, even
if it is much smaller than the effect of the concerned wall
temperature. The propagation of the uncertainties on
the bulk Reynolds number is similar to the propagation
of the uncertainties on the hot wall temperature when
studying the cold wall heat flux. The error commit-
ted on the Prandtl number has low impact on the heat
flux prediction. For the four last discussed parameters
and regarding the impact of the cold wall temperature
on the hot wall heat flux, the propagation of the error
on the heat flux is mitigated compared to the error on
these parameters. For instance, an overestimation of
the Reynolds number of 10% leads to an error of 8%.
Notice that the propagation of bulk temperature un-
certainties is not symmetric. An overestimation of 10%
of the bulk wall temperature induces 20% of error on
the cold heat flux, whereas an under-estimation of 10%
of this temperature conducts to an error of 13% on the
heat flux. The ranking of the parameters in terms of
influence is independent of the uncertainty of measure-
ment.

In Figure 6, the curves observed in Figure 5 are ap-
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Error on hot wall heat flux { e Tw === Tw---- Th
Error on cold wall heat flux { o Ty =---- Tw:----Tb
Re- .- Pr

Error on heat flux [%)

0 8 6 4 20 3 1 6 8 10

Error on flow parameters [%)]

Figure 5: Error on the wall heat fluxes depending on the error
committed on various flow parameters depending on the bulk-
to-cold wall temperature ratio. The results are obtained with
the conditions listed in Table 5.

proximated by straight lines thanks to the generalized
least-squares method. The slope of the heat flux error
is computed for each flow parameter. The coefficient of
determination is superior to 0.999 for all the parame-
ters except the bulk temperature, for which it is 0.979
in the most unfavorable case. Three bulk temperatures,
corresponding to three locations in the solar receiver,
are investigated. The left graph displays the slope of
the error propagation on the hot wall heat flux and the
right graph gives information on the cold wall heat flux.
The slope of the error propagation of the wall and bulk
temperatures increases with the bulk temperature. The
errors of the Reynolds number and the Prandtl number
are independent of the bulk temperature. As observed
in Figure 5, the slope of the errors is bigger on the cold
wall heat flux than on the hot wall heat flux. Further-
more, their increase soars when the bulk temperature
becomes close to the cold wall temperature. So, the
measurement of the flow parameter should be adapted
to the location in the solar receiver in order to keep a
constant uncertainty on the wall heat fluxes.

In Figure 7, four couples of wall temperatures are
investigated. The hot wall temperature increases from
700 K to 1300 K. In each case, the cold temperature is
200 K below the hot wall temperature. The bulk tem-
perature is chosen so that it is 250 K below the mean
of hot and cold wall temperatures, see Table 6. The re-
sults show that the cold wall heat flux is more sensitive
than the hot wall. The slope of the error propagation
increases linearly with the temperatures as observed in
Figure 4. The slope inclination of the error propaga-
tion of the bulk temperature steepen faster with the
increase of the wall temperature than the one of the
wall temperatures. This is particularly salient at the
cold wall since for Ty, = 1300 K and T, = 1100 K the
slope of the error propagation concerning the bulk tem-
perature is almost as steep as the one concerning the
wall temperature.

Table 6

List of the tested cases in Figure 7.

Th [K] Te [K] Ty [K] Ty/Te
700 500 350 0.70
900 700 550 0.79
1100 900 750 0.83
1300 1100 950 0.86

4. Propagation of temperature
uncertainties

In this section, the propagation of the temperature
uncertainties on the wall heat fluxes is analyzed with
two methods. The computation of the propagation
of uncertainties using the GUM method is compared
to the results obtained by the direct computation of
heat fluxes with altered temperature values. The un-
certainty associated with the thermal conductivity has
almost no influence on the results. It is then, neglected
to simplify the equation. The uncertainties on the in-
put variables are assumed to be uncorrelated. In the
following, we consider the uncertainty of measurements
on one parameter at a time and we only investigate the
uncertainties relative to temperature.

4.1. Symmetric heating conditions

In the symmetric heating case, the Taylor series ex-
pansion of the simplified heat transfer correlation pro-
posed by David et al. [27] is computed. The expression
of the uncertainty propagation is given by:

Adsym
—= = \/Agym + Bgym + ngm + Dgym’ (7)
¢sym
with
0.8
Asym = AReb (RB}D) y
A4
Bsyrn = APrb (1?)Tb> )
0.9 1
Csym = AT, <Tb - TTb) )

0.9 1
o =T (4 )

In Sections 4.1.1, and 4.1.2, the studied conditions
are those described in Table 3, except for the bulk tem-
perature which varies in order to cover the entire range
of the correlation in terms of bulk-to-cold wall temper-
ature ratio.

4.1.1. Uncertainties on the measurements of the
wall temperature depending on the
bulk-to-wall temperature ratio

The uncertainties on the wall flux depending on the
bulk-to-cold wall temperature ratio and the error of
the measurements of the wall temperature are plotted
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Figure 6: Slope of the error propagation in absolute value for the five flow parameters. Three bulk temperatures are investigated.
The bulk Reynolds number is 60 000 for all the tested cases and the wall temperatures are 1300 K and 900 K.
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Figure 7: Slope of the error propagation in absolute value for wall and bulk temperatures. Four couples of wall temperatures
are investigated, see Table 6. The left, respectively right, graph concerns the hot, respectively cold, wall heat flux. The bulk

Reynolds number is 60 000 for all the tested cases.

in Figure 8. The top-left corner of the left graph is col-
ored in black because, in this region, the altered cold
wall temperature induces a bulk-to-altered wall temper-
ature superior to 0.95 and is, then, out of the applicable
domain of the correlation (even if the plotted bulk-to-
reference wall temperature is inferior to 0.95). The wall
heat fluxes, obtained by the direct computation of heat
transfer correlation with the altered input wall temper-
ature, are compared to the results obtained with the
GUM. The reference wall heat flux errors are presented
on the left side whereas the estimation provided by the
GUM procedure is displayed on the right side. The re-
sults show the wall heat flux is strongly dependent on
the wall temperature error of measurement. The shape
of the lines indicates that the bigger the bulk temper-
ature is, the more influential the error of measurement
is. An under-estimation of the wall temperature leads
to slightly higher uncertainty on the wall heat flux than
an overestimation. The model provides an accurate es-
timation of the error on the entire validity domain of
the correlation. Nevertheless, it is worth noting that
the lines of isoerror predicted by the GUM are not lin-
ear. The error committed by the model increases with
the inaccuracies of the measurement since it assumes
the linearity of the studied function.

4.1.2. Uncertainties on the measurements of the
bulk temperature depending on the
bulk-to-wall temperature ratio

The bulk temperature is also affected to the uncer-
tainties of measurement. Figure 9 shows the uncertain-
ties on the wall flux depending on the bulk-to-cold wall
temperature ratio and the error of the measurements of
the bulk temperature. The left graph exposes a strong
asymmetric distribution of the error. Indeed, at a bulk-
to-wall temperature ratio of 0.70, for the same value of
uncertainty, an overestimation of 10% of the bulk tem-
perature induces an error of 16% of the wall heat flux.

An under-estimation in the same conditions leads to an

error of 12%. This is due to the increase of the sensitiv-

ity of the wall heat flux to bulk temperature when the
temperature difference between the wall and the fluid
is low. On the right graph, the estimation of the uncer-
tainties obtained with the Taylor expansion, does not
capture this asymmetric behavior of the error propa-
gation. However, the results obtained with the GUM
procedure are satisfying since the obtained error is al-
most equal to the average of the under-estimation and
overestimation. For small bulk-to-wall temperature ra-
tios, i.e. near the entrance of the solar receiver, the wall
heat flux is only slightly affected by the uncertainties
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Figure 8: Uncertainties on the wall flux depending on the bulk-to-cold wall temperature ratio and the error of the measurements
of the wall temperatures in the case of symmetric heating conditions. The left graph shows the reference results, the right graph

exposes the estimation produced by the GUM. The lines indicate the isovalues of error 2%,

60%, 80% and 100%.

on the bulk temperature.

4.2. Asymmetric heating conditions

Applying the Taylor series expansions to the heat
transfer correlation of David et al. [27], the GUM pro-
vides the analytical expression of the uncertainty prop-
agation exposed in the following equation:

Aas
G = \/Aly + Bly + Chy + Dy + By (9

with

1
Tw _Tb ’

=3
a ) T, —Ty )"

T
Easy = ATy (2'8(TW+bTW)2 1og(5)> .

where o = (Tw — Tyw) / (Tw + Tw), 8 = Tw/(Tw
v=Ty,/(Tw —Tp),d = (Tsy — Tw)/Tyw. Thelogarithm
used here is the natural logarithm.

2
\
+
2|2
Q
=)
+
&
@

log ()
1+1+

T
TAT, ( 1. 4aT—'§’ (74—

w

4%, 8%, 12%, 16%, 20%, 30%, 40%,

Note that, when the wall temperatures are close,
the terms associated with the uncertainties on the bulk
and wall temperatures tend towards the ones obtained
in the symmetric heating case. Indeed, (Ty, — Tw) — 0
induces a — 0 and § — 0.

In Sections 4.2.1, and 4.2.2, the studied conditions
are those described in Table 5, except for the bulk tem-
perature which varies in order to cover the entire range
of the correlation in terms of bulk-to-cold wall temper-
ature ratio.

4.2.1. Uncertainties on the measurements of the
wall temperatures depending on the
location in the solar receiver

The uncertainties on the wall fluxes depending on
the bulk-to-cold wall temperature ratio and the error
of the measurements of the wall temperatures are ex-
posed in Figure 10. On the hot side, the maximum er-
ror is obtained for an under-estimation of the hot wall
temperature of 10% and a bulk-to-wall temperature ra-
tio of 0.95. It reaches an error of 26%. The results
obtained for an under-estimation of the wall tempera-
ture are similar to those obtained for an overestimation.

The isoerror lines show that the wall heat flux is not

very affected by the bulk-to-wall temperature ratio, es-

pecially for small errors of temperature measurement.

The model is slightly under-estimating the results tra-

_T )ducmg the non-linearity of the studied function. The

uncertainty propagation is bigger at the cold wall than
at the hot wall. Furthermore, the results are more sen-
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Figure 9: Uncertainties on the wall flux depending on the bulk-to-cold wall temperature ratio and the error of the measurements
of the bulk temperature in the case of symmetric heating conditions. The left graph shows the reference results, the right graph
exposes the estimation produced by the GUM. The lines indicate the isovalues of error 2%, 4%, 8%, 12%, 16%, 20%, 30%, 40%,

60%, 80% and 100%.

sitive to the bulk-to-wall temperature ratio. The uncer-
tainty distribution is similar for under-estimation and
overestimation of the wall temperature, as observed on
the hot side. As for Figure 8, the results out of the
applicable domain of the correlation, resulting from
an under-estimation of the cold wall temperature, are
masked thanks to a black triangle. It corresponds to a
bulk-to-altered cold wall temperature superior to 0.95.
In the case of asymmetric heating, the wall heat flux is
affected by the opposite wall temperature. Figure 11
depicts the propagation of the wall temperature uncer-
tainties on the opposed wall heat flux, i.e. the influence
of the cold, respectively hot, wall temperature on the
hot, respectively cold, wall heat flux (the black cor-
ner on the top-left graph masks the results out of the
framework of the heat transfer correlation). The un-
certainties on the hot wall heat flux are low since they
remain below 5%. The model under-estimates the un-
certainty propagation. The bottom graphs show that
the cold wall heat flux is more impacted by the hot wall
temperature than the hot wall heat flux by the cold
wall temperature. Indeed, the errors reach 18% for the
most unfavorable case. The Taylor series expansion sig-
nificantly under-estimates the uncertainties when the
bulk-to-cold wall temperature ratio is high (end of the
solar receiver). This may be explained by the relatively
strong non-linear dependence to the opposite wall tem-
perature of the term accounting for asymmetric heating
in the correlation.

4.2.2. Uncertainties on the measurements of the
bulk temperature depending on the
location in the solar receiver

The accuracy of measurement of the bulk temper-
ature is also impacting the wall heat flux estimation.

The wall heat flux uncertainties are plotted as a func-

tion of the bulk-to-wall temperature ratio and the un-

certainty of measurement of the bulk temperature in

Figure 12. The results indicate that the hot wall heat

flux is substantially less impacted by altered measure-

ment of the bulk temperature than the cold wall heat
flux. The GUM procedure provides a quite satisfying
estimation of the uncertainties despite the non-normal
distribution of the uncertainties on the wall heat fluxes.

At the cold wall, an overestimation of the bulk temper-

ature may result in a bulk-to-altered cold wall temper-

ature ratio out of the application domain of the correla-
tion (see the top-right corner of the bottom-left graph).

For low bulk-to-cold wall temperature ratio, the un-

certainty of measurement of the bulk temperature has

little effect on the wall heat flux when compared to
the uncertainties on the measurement of the wall (see

Figure 10). However, the results are very sensitive to

the bulk-to-wall temperature ratio, i.e. very sensitive

to the location in the solar receiver: when this ratio is
small, the uncertainty of measurement of the bulk tem-
perature is not very impacting the wall heat flux. At
the cold wall, when the bulk temperature is close to the
cold wall temperature, the heat flux uncertainties be-
come very high even for uncertainties of measurements
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Figure 10: Uncertainties on the wall fluxes depending on the bulk-to-cold wall temperature ratio and the error of the measurements
of the wall temperatures in the case of asymmetric heating conditions. The left graphs show the reference results, the right graphs
expose the estimations produced by the GUM. The results regarding the hot, respectively cold, wall heat flux are displayed on the
two top, respectively bottom, graphs. The lines indicate the isovalues of error 2%, 4%, 8%, 12%, 16%, 20%, 30%, 40%, 60%,

80% and 100%.

below 5%. Note that these high uncertainties should
be put into perspective with the relatively small wall
heat flux associated.

4.3. Comparison of the uncertainties in
both types of heating

The results presented in Subsections 4.1 and 4.2
show that, contrarily to what one might think, the
biggest uncertainties are obtained in the case of sym-
metric heating. Reducing the wall temperature differ-
ence induces a more homogeneous uncertainty propa-
gation on the wall heat fluxes but the propagation is
amplified when compared to the case of asymmetric
heating. Indeed, the term accounting for asymmetric
heating, (T /(Ty — Tb))1'4(17(TW/T“‘))T"/TW, balances
the effect of the term (Ty/Ty) ", The result is a
mitigation of the wall heat flux dependence to wall and
bulk temperature estimation under asymmetrical heat-
ing conditions.

5. Conclusion

In this study, the correlation proposed by David
et al. [27] for asymmetrically heated turbulent channel
flow has been used to investigate the sensitivity to flow
parameters of the wall heat fluxes and the propagation
of uncertainties depending on the location in the solar
receiver.

The results obtained following the Guide to the ex-
pression of Uncertainty in Measurement, which used
Taylor series expansion to provide an analytical expres-
sion of the uncertainty propagation, have been com-
pared to the results obtained with the direct computa-
tion of the heat flux with altered flow parameters. The
results presented in this study show that a low bulk-
to-wall temperature ratio mitigates the influence of the
bulk and wall temperatures on the wall heat fluxes. In
the studied conditions, the impact of the bulk temper-
ature on the wall heat fluxes is more influenced by the
working condition than the wall temperatures. Pro-
gressing in the solar receiver, the fluid temperature be-
comes closer to the wall temperatures. For relatively
high values of the bulk-to-cold wall temperature ratio,
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Figure 11: Uncertainties on the wall fluxes depending on the bulk-to-cold wall temperature ratio and the error of the measurements
of the opposed wall temperatures in the case of asymmetric heating conditions. The left graphs show the reference results, the
right graphs expose the estimations produced by the GUM. The results regarding the hot, respectively cold, wall heat flux are
displayed on the two top, respectively bottom, graphs. The lines indicate the isovalues of error 2%, 4%, 8%, 12%, 16%, 20%,

30%, 40%, 60%, 80% and 100%.

the uncertainties on the bulk temperature become more
influential than the uncertainties on the wall temper-
atures and are highly impacting the wall heat flux es-
timation. This means that it is possible to adapt the
accuracy of measurement devices according to their lo-
cation in the solar receiver.

A precise analysis shows that the asymmetric term
induces a highly non-linear dependence of the wall heat
flux to the bulk, wall, and opposite wall temperatures.
In the case of inaccuracies in the measurement of the
bulk temperature, the uncertainties on the wall heat
flux are strongly asymmetrically distributed with re-
gards to the 0% uncertainty line.

The expression of the heat transfer correlation used
for asymmetric heating conditions involves an addi-
tional term to reproduce the heat transfers at both
walls taking into account the respective effects of one
on this other. Contrarily to what one might think, this
new term tends to mitigate the wall heat flux depen-
dence to bulk temperature estimation. The result is a
lower wall heat flux sensitivity to wall and bulk tem-
peratures in the case of asymmetric heating than in the

case of symmetric heating.

The method described in the GUM gives very sat-
isfying results in the studied symmetric heating con-
ditions. Even though the effects of the opposite wall
temperature on the wall heat flux are underestimated,
the method produces quite accurate estimations in the
asymmetric heating case.
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