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JAROSŁAW MIKIELEWICZ1, DARIUSZ MIKTELEWICZ

Analysis of the influence of the design pararneters of the probe
for the dew-point temperature measurements on its static

and dynarnic characteristics'

In the work presented are the considerations of the influence of the design parameters of the probe for
the dew point temperature measurements on its static and dynamic charactelistics. The analysis is based
on the solution of the differential equation describing the probe dynamics. FYom the presented analysis it
results that the biggest influence on the probe dynamics comes from the mass of the probe radiator and
the heat transfer to surroundings. The mass of the probe membrane and the gap between the membrane
and the heater have smaller influence. The static response is governed by the steady-state part of the
solution. The influence of other probe parameters on temperature measurements is also presented.

Nomenclature

Ap heat transfer surface,
A, B,C, D coefficients in trq. (11)
c,p - heat capacity,
ó plate thickness,
F - heat transfer surface,
ł heat transmission coefficient,
K , general heat transmission coefficient,

.\-
M-
p
q,
Qs-
t_
T

thermal conductiviĘ
mass,
initial condition for temperature,
initial condition for cooling heat flux
heat flux,
time,
temperature.

Subscripts

m
p

radiator,
membrane

heater,
ambient conditions.
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1. rntroduction

The common availability of digital readout thermocouples with built-in cold
jrrnctions has led to the increased use of thermocouple-based psychrometers, Since
relatively small thermocouple junctions can be used, their Tesponse to changes in
temperature and hence humidity is fast, and they are more appropriate than
thermometer-based psychrometers in situations where the air state changes rapi-
dly with time. Trela [1] developed a concept of dew point temperature measuTe-
ments around the dew point based on the change of dynamical temperature of
the specially designed probe.

Using the mathematical model of the plate, representing the membrane of the
probe for the dew point temperature measulements, presented in [2l , the analysis
of the dynamic response of the probe has been conducted, The influence of va-
rious elements of the probe on the time response of the probe has been analysed.

In the present work we analyse the influence of various probe parameters,
such as the masses of the membrane (ptate) and the heater, the influence of the
material of the membrane and the heater, the influence of the gap between the
membrane and the heater, and finally the heat transfer to the surroundings, on
the response of the probe.

2. The fundamentals of modelling

Presented here concept of dynamical investigations of the probe for the measu-
rements of the dew point temperature is the extension of the theoreticaI analysis
of the influence of thermal parameters on the non-stationary temperature me-
asurements Presented in [2]. The model presented there gave consistent results
both from qualitative and quantitative point of view. The method adopted here
to analyse the influence of various construction parameters is based on the de-
comPosition of heat fluxes into subsystems. We have assumed that the masses of
subsYstems are homogeneous and we treat the subsystems as a material points.

The heat balance for each subsystem can be generally cast in the fÓllowing
form:

N

irconr,,, + Mn# s,
ź:7

where:
ź - denotes the number of the considered subsystem,

(1)

j - denotes the number of the subsystem exchanging heat with subsystem i
nr denotes the number of subsystems in the analysed system.

The terms in equation (1) denote:
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KiLTi,i the heat transmission between subsystems ź and j,

Uo# heat storage in the system ź,

S,r heat delivered to the subsystem i from the heat source,

The heat flow between particular subsystems can take the following forms:

a) without the mass transfer between the subsystems and then

Kł: ka,jAt Q)

where:
kł,j heat transmission coeffi,cient,

Al3 heat transfer alea,

b) with the mass transfer between the subsystems and then

Ki: rni,iC, (3)

where:
TrLź,j lrrass flux between the subsystems exchanging heat,

Cp specific heat of the mass flux.

In order to determine the temperatures of particular subsystems we need

to solve the set of equations similar to equation (1). These are the ordinary
differential equations of the first order.

3. Theoretical model of the phenomenon

A schematic of the probe is presented in Fig. 1. In the considered Problem
the modei of the probe ńas been divided into three subsystems, i.e, the plate, the
heater and the radiator. It has been assumed in the considerations that

o material properties are constant,

o heat flrrx due to cooling is constant,

o the plate thickness is small so that the linear temperature distribution across
the plate can be assumed, 

'

o the influence of the surrorrndings on the probe is reflected in the constant
heat transfer coeffi,cient and the constant ambient temperature.

Using the method of d,ecomposition of the heat flrrx the following equations have

been derived for the particular subsystems:

o plate

UoC*# ł (Tp - To)ApkŃ ł (Tp - T*)Aok* : O, (4)
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T0 c.

Fig. 1. Schematic of the probe for the dew point temperature measurements.

o heater and the air gap

(Tw - Te)Aekee + (Tee - T,^)Aeke* : Qg, (5)

o radiator

u*Cr**+(T*-Tw)Aeke- ł (T- _ Tg)Fk-, : g, (6)

Equations (4) and (6) are the ordinary differential equations ofthe first order and
equation (5) is an algebraic equation. The method of solution of the above system
is based on the simple algorithm presented next, We are primarily interested here
in determination of the influence of various probe parameters on the temperature
of the membrane hence determination of Ę is our primary objective.
First we determine from equation (5) the temperature Tpp,

rI1tpp: ąfrorr-#ińr*+ e&Hiń. (;

This temperature To, is then substituted into equations (a) and (6) and in ti-,,
end we obtain the follovring form of equation (4)
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MeCw dTe

Ae dt

.k*k':' ,,--|r* , ł+r-lrrnTgkpoł i Qno* 
,

kW l ke* "" l_'''" 
' lr* |kp*l ,o(k*+ky-)

as well as equation (6) in the form

kppkp- ,n I krrk.. , F,^ l.:ffiffir,-|#ffi+ 
*k*o]T-,r

(8)

M-Ce* dT*
Ae dt

+f,n^ro+Ę#ftń. (9)

As a result of these Tearrangements we obtain two linear differential equations
with two unknowns T, and Trn. As it was mentioned earlier, we are primarily
interested in the solution of the plate temperature Tp, hence we will conduct
our transformations in this direction. FYom equation (9) we determine ł, and
from the differentiated form of equation (8) (derivative with respect to time) let's
determine dT^ldt, Substituting to equation (9) we obtain the 1inear differential
equation of the second order with re spect to To of the following form

M*Cp- MrC* d,zTp ,l r u _ ,,\ M-C* _-1--ĘĘdt2' L\,t") Ą r

I lł k-o\ M,c*] qL, 
lł,n + 

FĘ.*o (, * 
nr\l ,+(1 + Ęź),T)i, t, Ap , ź)]r,

: 
[*,. 

- T(, - ?)] zt + (r - tg)ft (10)

where n: }Ąry-.fuW-T Ńprn

The above form of the differential equation can be cast the simplified form:

^#!*u#*cT,:p (11)

where the terms A, B,C, D have the following values:

A: wWB: [(+-,)Wl(,,Ę+)W] (12)c : 
[*,* W('-?)] ,

D: 
|*,'_ w@-,)] ^*[,* t\]fr
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Solution to this equation using the classical methods means finding the ge-
neral integral of the homogeneous equation and the particular integral of the
non-homogeneous equation. In our case the shape of the solution to equation
(11) with respect to the plate temperature Tohas the foliowing form

r, : 2| crexp ( _l P - łB-ler,) 
r ą .*, ( _!a__!F - aec \(, yż l Lt1 ,\ 2 A U),(13)

In order to determine the constants C1 and C2 we assume the following initial
conditions

for t :0 T,p - P,

Ior t-O dr"-łr - q,

Substituting the above conditions to equation (13) we obtain

p : 8*"r*"r,
(15)

(14)

q _1c,s -,Ę-aAc _ p,u, ĘW.
Solving the above equation with respect to C1 and C2 gives us

Ct : ź(zpc *sB - łBT_4Ae _2D)?n2 tą,,ąc, Plf ł-ąac), lC(_B, | 4AC)] )

C2 : ż(zpc ł qB + łEE - 4M _2D)ęs' + !4c_! ałĘ- yAc), 
LC(_B" 1 4AC)l

lf the ptut" u,,a(i?J
Particular solution (term D/C).The particular solution is responsible for the
Performance of the probe under steady-state conditions. The steady-state tem-
Perature must be lower than the expected dew point temperature, otherwise the
VaPour condensation will not take place. This information should be taken into
account during the design stage of the probe. The free Tesponse of the probe pro-
vides information about the dynamics of the system and Ónables bettei selejion
of the probe dimensions and the construction materials.

4. Results

The model derived above has been tested on the example of the probe MELCOR
FCO.6-32-0!TL [3], Calculations have been performed, for the following dimensions
given in Table 1 and Table 2.

The values of therma1 resistance between the particular elements are as fol-
lows:
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Table 1.

Given quantities Value

Mass of the plate

Mass of the radiator

Plate heat capacity

Radiator heat capacity

Width of the air gap

Thermoelement height

Plate thermal conductivity

Ra,diator thermal conductivity

0.000018 kg

0.046 kg

a00 J/kg,K
400 J/kg,K
0.0000 75 m

0.0025 m

370 W/mK
370 W/mK

e heat transmission between the swroundings and a membrane

nro: -ł , t
2^*- r a

(17)

where ó is the membTane thickness,

o heat transmission between the membrane and a heater (including the air
gap)

l--fuw- ó,ór,rln
15-r x#,r źx;;

(18)

where ó1 is the width of the ah gap, ó2 is the thermoelement thickness, )o;,
is the thermal conductivity of air and 

^npn 
is a mean thermal conductivity

of the thermoeiement (heater),

o heat transmission between the heater and a radiator

LL
'vplm 6z I h

2^"p^ 
-r Ż^*

(19)

where h is the radiator height and .\,n is its thermal conductivity,
o heat transmission between the radiator and the surroundings

kmo - -},- Q0)
żx; -r Fa

Above relations have been derived undel assumption of one-dimensional axial
heat flow and that only the radiator exchanges heat with ambience.
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Table 2.

Quantities assumed in calculations Value
Heat transfer coefficient between the srrrroundings arrd a plate
Heat transfer coefficient between the plate and thermoelement

Heat transfer coefficient between the thermoelement and a ra.diator
Heat transfer coefficient between the radiator and the srrrrounding§
Heat transfer coefficient to surroundings

Ambient temperature

Mean thermal conductivity of the thermoelement

Therma] conductivii"y lor air
Initial temperature

Initial heat flux
Cooling heat flrrx

30 W/m2K
266.7 wlmŻK
5,137 x lo4wfmzK
503.8 W/m2K
30 WmzK
25"C
2IOW/rnK
0.0267 W/mK
100"C

0.1W
_ 0. 1 W

Calculations of the temperature distribution of the membrane have been pre-
Sented in Fig, 2. The fully developed tempeTature of the membrane is T, yutlgd.r. _
24,96"C.

As can be seen from the figure, the temperature stabilises after about 30
Seconds, which is similar when compared against the experimental data from [4].
This results must be deemed satisfactory.

Let's considel now the influence of major components of the model on the
time distributions of the membrane.

4-I- rnfluence of the membrane rnass on the dynarnic characteristics of the
probe

First, we consider the influence of the membrane mass on the dynamic cha-
racteristics of the probe. During the experiments [4], this was found to be the
major reason for the changes of the probe construction. Results of calculations
are pTesented in Fig. 3.

In Fig. 3 presented are thlee curves. These correspond to three different masses
of the membrane, namely:

1 Tflpl: 0.00009 kg,
. rTLp2: 0.00018 kg,
o TfLp3: 0.00144 kg.

Selected values are twice reduced when compared to original case, or eight times
larger compared to the original case. The other parametels remain uńchanged
and have the values from the Tables 1 and 2.
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0,m n.@ 4000 m.m 80,m 1m,Oc
]Tme (scondg

Fig. 2. Temperature distribution of the membrane.

The influence of the mass of the membrane shows a significant effect on the
distribution of the plate temperature. Increasing the mass of the membrane ren-
ders that the time required to obtain the fully developed temperature is longer.
Reduction of the membrane mass shortens the time of reaching fully developed
conditions. There is however, a construction 1imit for the dimensions of the mem-
brane. The membrane thickness cannot be reduced inflnitely and masses TLp1 arrd
wLo2 coTTespond to the technological limits attainable in practice.

4.2. Influence of the radiator rnas§ on the probe dynamic characteristics

The next parameter considered was the influence of the radiator mass on the
probe dynamic characteristics, This is the largest element of the probe which is
responsible for the heat transfer with the surroundings. Therefore it contains the
fins. The results of calculations are presented in Fig. 4.

In the F'ig. 4 presented are three curves. These correspond to three different
masses of the radiator, namely:

. Tnmy : 0.023 kg,
e TTLrnZ: 0.046 kg,
. rmm3: 0.092 kg.

Selected values are twice reduced when compared to original case, or twice larger
compared to the original case. The other parameters remain unchangecl and have
the values from the Tables t and 2.

As can be seen from the flgure, the influence of the mass of the radiator on
the membrane temperature distribution is also signiflcant. The larger mass of the
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4o.m 60,m
lime (€conds)

Fig. 3. Influence of the membrane mass on the membrane temperature distribution.

radiator Tenders greater therrnal inertia of the probe) and hęnce longer times for
achievement of the fully developed temperature by the probe,

4.3. Influence of the rnembrane and radiator material on the probe dynarnic
response

The next Parameter investigated was the material of the membTane and the
radiator. AnalYsed have been the influence of two other materials with significan-
tlY difi'erent therrnal properties. The results of calculations have been piesented
in Fig. 6.

In Fig. 5 Presented are three distributions corlesponding to the fol|owing ma-
terials:

. )r : 58 W/mK and C*1 : Cp1 : 377 J lkgK (brass),
o ),2 : 370 W /rnK and C,n2 : Cp2: 400 J/kgK (copper),
o )3 :418 W/mK and C-3: Cps:234 J/kgK (silver).

As can be seen from the presented calculations, the values of the thermal conduc-
tivitY are twice lower for the case number 2 or slightly higher for the case three
comPared to the original case. These values corresponcl tó the possible different
materials for the Probe. Thermal capacity of copper and brass is similar but for
silver it is different. Other parameters remain u.r.ńarrged from the Tabies l and,2.

The influence of the membrane and radiator mateiial is not significant oT even
not perceptible. This provides guidance that other material could be considered a
substitute as for coPPeI. It seems that the fundamental influence comes fronr the
thermal caPacitY of the considered material and the thermal conductivity plays
less significant role,
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0,m 20.00 o,00 60.00 80,00
]ime (€condg

Fig. 4. Influence of the radiator maśs on the membrane temperature distributions,

4.4. Influence of the air gap on the dynarnic characteristic of the probe

Drrring experiments presented in [4] it was thought that the heighi of the air
gap between the membrane and the thermoelement could piay a significant role.
To test the model for this influence some sample calculations have been conducted
and the results are presented in Fig. 6.

In Fig. 6 presented are three distributions corresponding to the following
conctitions:

o ó1 : 0,00001 m,
o 6z - 0.0001 m,
o ó3 : 0.001 m.

These are the values, which are ten times increased for the second case or ten
times decreased for the third case compared to the original height of the gap (case
1). Other parameters remain unchanged with respect to the Table 1" and,Ż.'

tr'rom presented results it is clear that the height ofthe air gap is not a negligi-
ble influence but it does not play signiflcant role in the Tesponse of the membTane.

4.5. Influence of heat transfer to surroundings on the dynarnic response of
the probe

Another parameter studied here was the influence of heat transfer to surro-
undings on the dynamic characteristics of the probe. The results are presented in
Fig. 7.

In Fig. 7 presented are three distributions corresponding to the following
conditions:
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lime (€cond9

Fig. 5. Influence of the probe and radiator material selection on the membrane temperature distributiorr.

. (17 :15 W/m2K,

. a2 _ 30 W/m2K,

. a3_6OWfmzK.

These aTe the values, which are twice increased, the second case, or twice reduced,
the third case. Other parameters remain rrnchanged compared to the Tables 1 and
2.

It must be said that the influence of heat transfer to surrounclings has a vely
significant contribution to the membrane temperature distribution. Increasing
the convective heat transfer coefficient (flnning) decreases the time required to
achieve fully developed conditions.

4.6. Influence of cooling on the dynamic characteristics of the probe

The 1ast paTametel studied was the influence of cooling of the probe on the
dynamic characteristics of the probe. The results are presented in Fig. 8. There
are Presented three distributions corresponding to the following conditions:

. Qg7:0.0 W (no cooling),

. Qsz -0.1 W,

. QŃ -1.0 W.

As can be seen these are the values, which for the flrst case correspond to no
cooling of the probe and in the third case cooling is increased ten times. The
other parameters remain unchanged compared to the Tables 1 and 2.

It should be said that the influence of cooling has a small influence on the
temperature distribution of the membrane.

0.00 20.00 ,10.00 60,m 80,00
lime (€cond9
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40,00 60.00
1ime (sconds)

Fig. 6. Influence of the air gap on the temperature distribution of the membrane.

5. Conclusions

In the work pre§ented here analysed is the influence of the construction pa-
rametels of the probe for the measurements of the dew point tempeTatule on its
static and dynamic characteristics. Using the model, developed in [2], the analy-
sis of the dynamics of the probe has been conducted. As a result, the model has
been developecl by means of which the influence of particulal paTameters on the
static and dynamic characteristics can be studied. The mode1 is in the form of
the ordinary linear differential equation of the second order with constant coeffi-
cients. The solution to the model is given in analytical form which'enables fast
and accurate analysis of the influence of various parameters.

In the work analysed have been the influence of the following pararneters on
the dynamic characteristics of the probe:

. mass of the membTane,

. mass of the radiator,
o membrane and radiator material,
o height of the air gap,

o heat transfer to the surroundings,

o cooling of the membrane.

From presented results it is apparent that the most significant influence on
the dynamic characteristics of the probe comes from the mass of the radiator,
as an element exchanging heat with surroundings. The second most significant
contribution comes from the mass of the membrane and the heat transfer to
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Fig. 7. Influence of the heat transfer to surroundings on the membrane temperature distribution.
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Fig. 8. Influence of cooling on the membrane temperature distribution.
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srrrroundings. The height of the air gap separating the heater (thermoelement)
and the membrane does not play any signiflcant role.

Another useful conclusion from the analysed model is the possibility of quick
and efficient determination of the fully developed probe temperature. This is a
very important element in the designing stage of the probe. Knowledge of the
fully developed temperature enables to judge whether it is at all possiŁrle to reach
the dew point temperature by the probe,

Manrrscript received in April 1998
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Analiza wpływu pararnetrów konstrukcyjnych czujnika do pomiaru
wilgotności na jego charakterystyki statyczne i dynarniczne

streszczenie

W pracy przedstawiono tozważania doŁyczące pomiarów temperatury przy pomocy czujnika płytko-
wego słuźącego do pomiaru temperatury rosy. Ałlaliza oparta jest na roz,wiązaniu równań różniczkorxrych
opisujących dynamikę czujnika, Arralizowano wpływ poszczególnych elementów czujnika na jego odpo-
wiedzi dynamiczle. Z przedstawionej a,lalizy wynika, że największy wpływ na dynamikę czujnika ma
masa radiatora oraz warunki wymiany ciepła z otoczeniem. Drugorzędny wpływ ma masa membrany
oraz odległość pomiędzy elementem grzejrrytn a membraną, Na statykę czujnika ma największy wpływ
rozvńązarrie szczególne równania różniczkowego, które przedstawia temperaturę ustaloną układu. Przed-
stawiono dyskusję wpływu różnych parametrów płytki na czas odpowiedzi na zmianry temperatury.

Ii]

[2]

[3]

i4]


