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The paper deals with possibilities of verification, which is concerned to effect of protective cover and ther-

mocouple body related to response speed with the use of CFD (Computational Fluid Dynamics) Method.

However, the paper contains a description concerned to step rise of temperature within thermocouple measuring area de-

pending on gas temperature step change, while that is flowing off the thermocouple as well. A selection of an appropriate

turbulence model together with an adequate bordering layer enables applying calculations in order to simulate different
arrangement and number of holes within thermocouple protective pipe.

INTRODUCTION

The thermocouples play a role of great importance, in a tech-
nical practice, as sensors when measuring temperature val-
ues. Their design and allocation within protective pack have
a direct influence related to their response speed. When ap-
plying the thermocouple in order to provide a temperature
measurement concerned to flowing media that shall contain
a protective cover or pack with adequate number of holes,
which enable an appropriate media access. The above-men-
tioned protective pack has a direct effect related to thermo-
couple response speed via its own thermal capacity, density
and thermal conductivity (temperature coefficient) and via
flowing of media round the thermocouple body as well.

The sensor operating based on a thermocouple element is
considered to be the most suitable for temperature meas-
urement, which may have at about 10000C and their flow
speed may achieve up to 60m.s”. However, there shall be
considered further important aspects like, precision, price,
dimensions or consumption of energy as well.

As a result of that, the above-mentioned types of sensors are
mostly applied for these purposes, however there may also
exist different type of construction or designs based on dif-
ferent types of materials.

Theoretical aspects

The following continuity equation may postulated for quan-
titative description of gas, which is considered to be viscous,
supersonic, and compressible, indicating two dimensional
flow with no chemical reactions and respecting ideal gas fea-
tures (y = cp/cv) — see also formula (1). However, further im-
portant assumptions shall be postulated in order to confirm
formula (1) validity and they may be defined as follows:

e Parallel and perpendicular orientation of Cartesian co-
ordinates x and y, while the orientation is the same like
the gas flow.

The symbols u and v represent speeds in the same direc-
tions like x and y co-ordinates

9p Opu 0pv_, ()
ot ox oy

On the other hand, the co-ordinate x quantity of motion val-
ues are defined via formula (2) and the co-ordinate y quantity
of motion values are defined via formula (3), while the energy
or power balance relations may be quantified via equation (4)
6pu+6pu2+6puv+ai_67,_67, )
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ot ox oy 0x Ox Oy
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If the system copies the ideal gas status and is represented
via ideal gas status equation p = p R T and the total energy
value may be calculated based on formula E = cv T, a set of
appropriate shearing stress components may be postulated
via formulas (5, 6 and 7).
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The next equation (8) contains thermal conductivity coeffi-
cient A = -2/3, which is going out from Stokes hypothesis
and the items contained in equations (8, 9) are postulated as
follows: p — dynamic viscosity, T-temperature, R — ideal gas
constant, p — pressure and ¢, — thermal capacity at the con-
stant volume.

The thermal flow is expressed via equation (8)
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The molecular viscosity is being postulated via Sutherland’s
law
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where S is considered to be the Sutherland’s constant.

k_u (11)
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The FVM — finite volume method is applied, when looking for
a solution of the above-mentioned equations.

FVM - finite volume method

The fluid flowing space consists of a small volume final num-
ber. The mass, motivity and energy transfer values are being
calculated for each of the above-mentioned volumes. The
Euler's equations (see also formula 12) may have an integral
form or shape, while that shape represents an example and
is used for explanation purposes.

2l [vdcay+[[Fdy-Gax]=0, (12
AR R

cr

while AR is considered to be the flow domain, R is the flow
border, x and y are considered to be Cartesian’s coordinates
The U, F and G vectors, which create an integral part of equa-
tion (13) are considered to be x and y direction speed com-
ponents

el pu pv
pu pPul+tp puv | (13)

v puv | ) pvitp |
pE pul pvH

in equations (13), p — is the density, u, v — speed components
related x and y, p- pressure, E represents the total energy
and H- represents the total enthalpy.

When considering ideal gas the formulas (14) a (15) where
the formula y = cp/cV represents the specific heat ratio.

_ p 24 2
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P

The method of final volumes in conservative form is consid-
ered to be a result of equation (12) approximation, while this
task solution is based on integration scheme postulated by
Runge Kutt.

Runge Kutt integration method

The flow domain consists of several small final volumes, while
numeric approximation method related to equation (16) is
being applied extra for each volume. An appropriate system
of differential equations is considered to be a result of the
above-mentioned procedure (see also equation 16).

%[UAA]-I—QU -DU=0, (16)
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A solution of these equations may be done with the use of
many integration schemas, while the items contained within
equation (16) are postulated as follows: AA — the element
surface, Q" - space differential operator and D~ is an artifi-
cial added disparity item which prevents a numeric instabil-
ity, which may be observed within areas with rapid streaming
changes. When applying the previous equation to an appro-
priate component related to quantity of motion, while the
simplification disparity item may be neglected, the entire
equation may have a shape of formula (17).

d s
E[pu.AAHZ(QkpuﬁAyk P )=0 (17)
k=1

where the flowing speed may be postulated via formula (18),
while the sum is concerned to all walls of the element.

O =AY, ui-Axivi (18)

When looking at Fig.1, you can see for walls, which create an
integral part of (i, j) element and are denoted as 1, 2, 3 and
4. The variables p, pu, pv, etc. are located in the middle and
the values (pU), are considered to be average values for all
elements.

(pu),:é[(pu),-_,*(pu),»,,,-./] (19)
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In most cases, the equation (19) is being integrated with the
use of scheme with four steps postulated by Runge Kutt,
while the dispatching item is the same like in the first step.
The values related to time level t will be applied in order
to calculate a set of appropriate values concerned to t+1
time level, while the calculation process is being done in four
phases (see also formula 19a)
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Figure 1: An example of two-dimensional calculating grid
Many turbulent models exist, which may be applied for these
purposes, however a model based on two equations, denoted
as k - ¢ RNG model was chosen in order to simulate generat-
ing whirling path, after the body to be investigated and find
a relation concerned to aerodynamic thermocouple eclipse.
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k — ¢ MODEL BASED ON TWO EQUATIONS

The model based on two equations determines a length
measure, which describes energy amount within large whirl-
ing’s, while that determination is done via the second trans-
port equation. This model is considered to be the subject of
transport related to historical processes, while this is some-
thing similar like kinetic energy k. There may be postulated
one example, where the whirling’s generated by grid are car-
ried away in a flow direction and the whirling size depends
on their original size. On the other hand, the dissipating rep-
resents further process, which has an influence related to the
length measure. Equilibrium among these processes may be
quantified via model transport equation. However, the length
distribution may be quantified via model transport equation
as well. The dissipating speed ¢ also is considered the equa-
tion variable and may be calculated via formula (20).

3/2
Cyk (20)

However, there is one difference, when comparing it with that
equation, which is defined directly, no supplementary items
shall be defined for speed measure |, in the case of stream-
ing near the wall. The k—& model operates with Boussinesq’s
hypothesis which deal with whirling viscosity and there is a
relation between v, and k and v, and C , with respect to Kol-
mogor — Prandtl’s formula postulated as v, = Ck"2. With
respect to that formula, the formula (21) may be postulated.
2
v=c, @
&
The k —distribution is given via transport equation, however
the dissipating item is being expressed via & value. However,
the formula, which represents an exact version of transport
equation, may be derived based on Navier-Stokes equations
as well. This equation contains a set of complex correlations,
which shall be modeled again.

- the variables containing band signs are considered to the
average values, where the time value, plays a role of principle
importance)

oe oue o (v, oe ou, ou, |ou, g’
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STANDARD «-¢ MODEL

When applying that model, the solution of the following
equation shall be found. For continuity equation (see also
formula 23)

op 0 ( —
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Equation for transfer related to quantity of motion (see also
formula 24)

%(P';)Jr % (o, )= (24)
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Equation for heat transfer (see also formula 25)

o(=\. o (—\ of,or) dp olc,u)
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where ), effective thermal conductivity, which is observed as
a result of turbulent transport.

Equation for transfer of turbulent kinetic energy k (see also
formula 26)

o o ( - o u, ok
—(pk)+—\pujk)]=—"—+—+P+G-
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Equation for dissipating speed &: (see also formula 28)
2 (pe)+ 2 (puse)= ;
ér BT (28)

& u, de £ g’
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where C,=144,C, =192,C, =1,06,=106 =13 are con-
stants determined based on empirical approach and
o, — .. je Prandt's turbulent number.
P

t
A set of equations for transfer of scalar substance supplies
the above-mentioned system of equations.

Static enthalpy equation: (see also formula 29)

d( 7). 8 (~=\_ 8 or | dp  ou; (29)
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Equation for additive mass fractions: (see also formula 28)

% (om, )+ pum, )= a[[pp,,,m + A ji’"} (30)

o Ox; ox, 8, ) ox,

where m_ is considered to be a mass ratio of compound in
mixture, S_ is Schmidt number and D is diffusion coeffi-
cient for additive n in mixture.

Reynhold’s tension values ul'u; are via formula (31)
S ou.
—puu’ =u —— (31
puly = 5 B
where the turbulent viscosity ut is supposed to be a function
of length and speed measure with respect to Kolmogorov-
Prandtl’s hypothesis (see also formula (32),

_ i
=y =pC, = (32)

while the length measure values may be calculated with re-
spect to formula (33)

2/3
1=c ¥ (33)

and the speed values may be calculated with respect to for-
mula (34)

=i 6

Boussinesq'’s approximation

If a streaming is considered to be non-compressible and
modeled based on this assumption as well a relation be-
tween density and temperature may be approximated based
on Boussinesq’s model. The density item contained in that
model is considered to be constant or reference value, when
providing solutions of all equations except upward pressure
item contained within equation, which represents motion and
may be replaced from formal point of view as follows:

(o-p. g =—p,BT-T,)g, (35)

where the item p_ represents reference density and the item
T . is atemperature, while the item f is a thermal expansivity
coefficient and the following formula may be postulated: p =
p,.{1-BAT). This approximation may be considered to be suf-

ficient in the case of small changes in density values.

The momentum transfer equation within fluent environment
is postulated via formula (36)

O o) 2 (pra ) 2 o B O ) (2, 0
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After the density differences (p-p_).g, becomes an integral
part of the upward force item and the density value p is re-
placed by reference density value p,_, an equation for pres-
sure p correction is postulated with respect to formula (37)

2,2

o| f(ou u ) (2 au, op
=—|pu| —t+—1L —L ==+
Ox; ox; 0Ox 3 6x, Ox;
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37)
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This equation may be received so that we make an addition
and subtraction of the item p,_. g,subsequently, while the item
p,.; corresponds to formula

api’@f and p,,
0Ox;

item is considered to be hydrostatic pressure, which corre-

sponds to the reference density value p,

Prs8i =

ref”

As a result of the equation right side may be postulated as
follows:
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where p* is a difference between actual pressure p and hy-

drostatic pressure p,_,, which corresponds to reference den-
sity value p_,.

s

THE RNG k-¢ MODEL

This model is derived based on classic k- model, while a
set of mathematics steps is applied there, which is denoted
as the re-normalization group method. The re-normalization
procedure or algorithm applied to turbulence is based on
a subsequent eliminating of small whirlpools, while the mo-
tion (Navier-Stokes) equations, so that turbulent viscosity and
force value together with non-linear items are being modi-
fied and transformed. If an appropriate assumption exists,
which postulates that these whirlpools are related to dissipat-
ing ¢, than turbulent viscosity values u, depend on turbulent
whirlpools and the viscosity values may be calculated based
on iterative removal of narrow zones, while an appropriate
relation is applied in that iterative procedure. That construc-
tion approach may be selected when RNG method is being
applied for these purposes.

iy Ad’ (38)

d oty

We may get equation (38), when integrating this equation
with the use of length measure |, while an initial condition is
defined as p_;=u_ ' and the | measure postulates formula |
= |, = L/Re¥*. This is considered to be the Kolmogor's dis-
S|pat|on measure, which corresponds to turbulent whirlpools.

1/3
=122 g) ) o9

mol

The equation (39) is considered to be an interpolation formula,
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when calculating value p4l) between molecular viscosity dis-
patching whirlpools viscosity with limit I>>1, which corresponds
to high values of Reynolds’s numbers. It is possible to present a
proof that equation (39) may correspond to formula (40).

oy = U, = (0,0941)2\@‘ (40)

That conclusion corresponds to Prandtl’s classical theory of
blending or mixing layer derived based on an appropriate ex-
periment. If the kinetic energy contained within internal whirl-
pool area (the measure is less than L is equal k=0.71¢?3L%3),
than the formulas for whirlpool viscosity calculation may be
derived based on principles representing analogy related to
k—& model.

2
u, :pcﬂkf Cu=0,0 (41
&

However, the equation (39) may be simplified to algebraic
dependence k and ¢
2
k } (42)

Her = Huo I+ | ———F
7 l[ Iumol \/;

The RNG k—¢ Model derived with the use of statistic averag-
ing method has the form, formal point of view. The motivity
transfer equation may be postulated with respect to formula
(43).

(=), 0 (—
g(p”f)Jrgj(p”f”/): 43)

_of, [0 (2, @)\ %, ..
ox, air= ox, 6x 3 M ox, ox, e

The viscosity for high Reynolds’s number is being calculated
based on formula (39) and for low Reynolds’s number is be-
ing calculated based on formula (40). The transport equa-
tions for k and ¢ correspond to formulas (44 and 45)

o o o ok (44)
i)+ k s -
o P+ o = {pu k)= ax‘,[ by = ] #S*=p

o P P P
(o )+ ——(oue)= o [ameff axgj]”“)
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2
£ €
+C, Eﬂrsz _Cz‘ep?_R
where a, and o, are considered to be inverse Prandtl’s num-
bers for turbulent energy dissipation and are derived based
on RNG theory and postulated via formulas (46 — 50).

0,3679

Ma+23929""
2, +23929]  py,

|a-1,3929]"
|, —1,3929)|

(46)

,a, =1

and the R-item is postulated via formula (46)

ou, du, @)
r9j

R=v
X, OX
and it enables pos{ulating formula (48) for model RNG

_Con’(l-nim) &

1+ 7k (48)
while
=S k d S§*=2S8.S (49)
T=s A = 2950
and

0w s
'oox; o

The equations (46-50) represent a modified RNG k- model,
which contains postulated constants: C =1.42; C ,=1.68; a,
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= 1.39. However, the model may be refined further as well.

Near wall modeling, wall function

Near wall modeling, wall function is being affected through
numeric solution precision within entire area. The items to be
investigated are being changed very rapidly, when consider-
ing situation closed to the wall. The momentum or motility
transfer and a transfer of other scalar values are applied there
in a great deal. Turbulence effects are suppressed closed the
wall, however a considerable level of turbulent kinetic en-
ergy is observed in the external part of a bordering layer, as
a result of Reynolds tensions and medium speed gradient.
The area closed the wall denoted as bordering layer may be
divided into several parts. This fact was confirmed based on
more experiments provided related to this objective.

The viscose (laminar) sub-layer is located primary near the
wall, while streaming is considered to be almost laminar and
molecular viscosity has a dominant effect related to dynam-
ics, heat and mass transfer. A bordering layer outer part is
considered to fully turbulent layer, while turbulence plays a
role of dominant importance there.

The transient layer is located between laminar and fully tur-
bulent layer, where the molecular viscosity a turbulence ef-

fects are applied in the same measure. Figure 2 shows the
bordering layer distribution.

i, =25 00w v/ v)+545

' p—————— Internal layer ,________,_{

i, =uyiv

l External layer

Transient| Fully developed  ypper fimits depending
layer turbulence area o, peynolds's number

+
Viscose =5 ¥y'=e0

sub-layer

Lnfer. v/ v)

Figure 2: The near-wall area distribution

Two different approaches may applied, when providing near-
wall modeling The first approach is based on the wall function
definition, which enables to overcome the laminar sub-layer
and transient layer, where the molecular and turbulent viscos-
ity is effect is observed. This area is located between wall and
fully developed turbulent streaming. The second approach
is based on a detailed near-wall modeling, incl. the sub-layer
closely related to a fine grid. Fig.3 shows the basic principles
concerned to both of the above-mentioned approaches.

T -
| | __Turbulence -t =

Viscose
& transient Streaming modeling
layer closed to the wall

Wall function

Figure 3: Near-wall modeling grid creation

If the wall function is applied for streaming, where a large
value of Reynolds’s number is observed, the calculation de-
mands become lower. It means, a calculation precision is
sufficient and efficient from economic point of view and is
considered to be a suitable solution for most of engineering
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problems, as a result of that. The wall functions include the
media speed and temperature wall law together with appro-
priate quantitative relations for near-wall turbulence items.

Thermocouple

This type of thermocouple sensor is not made based on
standard materials and the sensor alone cannot be consid-
ered to be standard or classic thermocouple sensors, as a
result of that. It is not necessary to work with an entire sensor
for these purposes, however it is sufficient to take only that
part, which is located in the burn gas pipe and has a direct
contact with an appropriate flowing liquid. Table 1 contains
information concerned to material composition for that part
of thermocouple only.

Table 1 Material composition and physical properties of the
temperature scanner (c — thermal capacity, k — thermal con-
ductivity, p - density, E - Young’s modulus, o- thermal expan-
sivity coefficient.

. . C k

Design element Material [/kg.K] |(W/m.K]
. |Chromel P

Thermocouple wires (10% Cr) 428 33
Thermoball X2 Cr Ni MoN  |500 15
Sensor cover Ni Cr 28 Fe Si C [500 21
Cover intermediate
space fill MgO 600 42
Sealing ring, protec- |greel 17 242|501 14,6

. p E o
Design element lkg/m] [Pa] (1/K]
Thermocouple wires |8730
Thermoball 8000
Sensor cover 8000
Cover intermediate '
space fil 3580 2,5.10" {1,08.10°
Sealing ring, protec-
tive roﬁ 9P 7800

Six volumes were created based on 3D model (see also fig-
ure 4), while they represented parts postulated as follows:
thermocouple, sensor cover, sensor and thermocouple inter-
mediate space filling, protective roll, sealing ring and liquid.
Figure 5 shows the thermocouple protective model cover.

The model has been filled with cross-linked tetrahedral ele-
ments, the number of which is 5.75 million, while the small-
est volume was 1.65,10° mma3. After having postulated the
bordering conditions, the model solution was done based
on assumption that, the model was considered to be non-
stationary and times depend. Figure 6 shows burning gas
input into the pipe through the blue color surface and burn
gas output. Figure 7 shows the surface network of appropri-
ate parts. Figure 8 shows a section through pipe tetrahedral
network across the thermocouple. However, the same figure
contains an image concerned to details of thermocouple
wires as well. Figure 9 shows a model of thermocouple meas-
uring part, while a yellow line is lying in a parallel direction to
pipe axis and the temperature values related to figure 13 and
figure 14. The co-ordinates (0, O, 0) represent a position of
the thermocouple-measuring ball.

Calculation of limit conditions

The simulation calculation has been applied, in order to find
the time needed for heating of the sensor ball to achieve
required temperature. An input liquid initial temperature was
500 K together with a complete model. A calculation has
been started after calculation numeric stabilizing, when the
temperature was set to 900 K. A flowing speed and operat-
ing pressure values were the same in the case of stabilized
calculation (liquid input speed 60 m,s” and pressure 101325
Pa). A length of pipe, in the middle of which the thermo-
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couple was installed, was 100 m. Non-stationary calculation
time step was 2 seconds for 20 iterations per one time step.
The simulation process was running in 55 time steps. A set
of values closely related to material properties applied for
calculation purposes is contained in Table 1. The flow stabi-
lization after thermocouple was achieved in 12th second of
calculation running, after temperature step change. This is a
reason why the flow and temperature image is closely related
to 12 seconds after temperature step change.

b

Figure 5: A model of sensor part covered by protective
roll with holes located in pipe

Figure 6: The whole model surface grid, burn gas input
(blue), burn gas output (red).
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At

Figure 7: The whole model surface grid, burn gas input
(blue), burn gas output (red).

Figure 8: Model network section — thermocouple wires
visualized via to vertical bands having the thickest net-
working (detailed image)

Figure 9: Thermocouple measuring part model x-blowing
direction

Figure 10 and figure 11 show a temperature field in 2 sec-
tions in time of 12 seconds after temperature step change.
When looking at these figures, you can see a distribution of
temperature values within thermocouple and its neighbor-
hood. Figure 12 shows a speed field via set of speed vectors,
where you can see an effect of pipe with holes related to
flowing in the sensor neighborhood. A temperature of ther-
mocouple measuring ball was measured, so that the yellow
line temperature values were visualized, which is parallel to
pipe axis (see also figure 9) and the thermocouple ball tem-
perature value was taken from graph in time when calcula-
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tion was running (see also figure 13). The resulting graph was
created based on the results, while that graph is shown in
figure 14.

Figure 10: Temperature field (K), axial section along pipe
axis, time 12 seconds
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Figure 11: Temperature field (K), axial section perpendicu-
lar to pipe axis, time 12 seconds

Figure 12: Speed vectors (m.s-1), axial section within pipe
axis, time 12 seconds after starting temperature step
change.
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Figure 13: A relation between temperature (K) and ther-
mocouple distance (mm), in the pipe axis, 12 minutes after
temperature step change. The visualized temperature val-
ues are lying on a yellow line with respect to figure 9.

When looking at figure 14, you can see a slow change of tem-
perature related to thermocouple ball. This heating speed is
affected via thermocouple construction material and a nature
of flowing round the thermocouple. You can see it better in
Fig. 14, position O indicates a thermocouple on x, - 50 mm is
the temperature of ingoing gas products +50 is the tempera-
ture of outgoing gas products.
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Figure 14: Thermocouple measuring ball temperature ver-
sus time beginning from temperature step change

Conclusion

The simulation calculation was applied in order to show a
possibility concerned to investigation of thermocouple re-
sponse speed with respect to flow medium temperature step
change. The materials CrNi, steel, MgO have a low thermal
conductivity and the protective pipe makes a heating speed
worse. The CFD method may be applied in order to optimize
a number of holes in a protective pipe and their arrange-
ment with respect to flowing and to test selection of mate-
rials, when preparing proposal concerned to thermocouple
design.
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