POLSKA AKADEMIA NAUK

INSTYTUT MASZYN PRZEPEYWOWYCH

TRANSACTIONS
OF THE INSTITUTE OF
FLUID-FLOW MACHINERY

PRACE

INSTYTUTU MASZYN PRZEPLYWOWYCH

104

GDANSK 1998



THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW MACHINERY

exist for the publication of theoretical and experimental investigations of all aspects of the

mechanics and thermodynamics of fluid-flow with special reference to fluid-flow machines

PRACE INSTYTUTU MASZYN PRZEPLYWOWYCH

pos$wiecone sg publikacjom naukowym z zakresu teorii i badan do$wiadczalnych w dziedzi-
nie mechaniki i termodynamiki przeplywéw, ze szczegdlnym uwzglednieniem problematyki

maszyn przeplywowych

Wydanie publikacji zostalo dofinansowane przez PAN ze Srodkéw
DOT wuzyskanych z Komitetu Badari Naukowych

EDITORIAL BOARD - RADA REDAKCYJNA

ZBIGNIEW BILICKI x TADEUSZ GERLACH x HENRYK JARZYNA
JAN KICINSKI « JERZY KRZYZANOWSKI (CHAIRMAN — PRZEWODNICZACY)
WOJCIECH PIETRASZKIEWICZ + WLODZIMIERZ J. PROSNAK
JOZEF SMIGIELSKI + ZENON ZAKRZEWSKI

EDITORIAL COMMITTEE — KOMITET REDAKCYJNY

EUSTACHY S. BURKA (EDITOR-IN-CHIEF - REDAKTOR NACZELNY)
JAROSEAW MIKIELEWICZ
EDWARD SLIWICKI (EXECUTIVE EDITOR — REDAKTOR) * ANDRZEJ ZABICKI

EDITORIAL OFFICE — REDAKCJA

Wydawnictwo Instytutu Maszyn Przeptywowych
Polskiej Akademii Nauk
ul. Gen. Jézefa Fiszera 14, 80-952 Gdansk, skr. poczt. 621,
72 (0-58) 341-12-71 wew. 141, fax: (0-58) 341-61-44,
e-mail: esli@imppan.imp.pg.gda.pl

ISSN 0079-3205



TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW MACHINERY
No. 104, 1998, 129-143

JAROSLAW MIKIELEWICZ!, DARIUSZ MIKIELEWICZ?

Analysis of the influence of the design parameters of the probe
for the dew-point temperature measurements on its static
and dynamic 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 characteristics. The analysis is based
on the solution of the differential equation describing the probe dynamics. From 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
Ay —  heat transfer surface, A —  thermal conductivity,
A,B,C,D — coefficients in Eq. (11) M -  mass,
cp —  heat capacity, p —  initial condition for temperature,
) — plate thickness, g —  initial condition for cooling heat flux
F —  heat transfer surface, Qg —  heat flux,
k —  heat transmission coefficient, t —  time,
K — general heat transmission coefficient, T —  temperature.

Subscripts

m —  radiator, pp — heater,
p = membrane Q — ambient conditions.
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*Technical University of Gdansk, Faculty of Mechanical Engineering, Narutowicza 11/12,
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1. Introduction

The common availability of digital readout thermocouples with built-in cold
junctions has led to the increased use of thermocouple-based psychrometers. Since
relatively small thermocouple junctions can be used, their response 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 measure-
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 measurements, presented in [2], 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 (plate) 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 theoretical 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 following
form:

N
dT;
ZKiATi,jJrMi—l = 5; (1)
‘ dr
=1
where:
¢ — denotes the number of the considered subsystem,
J  — denotes the number of the subsystem exchanging heat with subsystem 1
N - denotes the number of subsystems in the analysed system.

The terms in equation (1) denote:
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K;AT;; — the heat transmission between subsystems 7 and j,
e
S; —  heat delivered to the subsystem i from the heat source.

heat storage in the system ¢,

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

a) without the mass transfer between the subsystems and then

K; = k; jA; (2)
where:
k;; — Theat transmission coefficient,
A;; — heat transfer area,

b) with the mass transfer between the subsystems and then

jE6 A= mi,ij (3)
where
m;; — mass 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 model of the probe has been divided into three subsystems, i.e. the plate, the
heater and the radiator. It has been assumed in the considerations that

e material properties are constant,
e heat flux due to cooling is constant,

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

e the influence of the surroundings on the probe is reflected in the constant
heat transfer coefficient and the constant ambient temperature.

Using the method of decomposition of the heat flux the following equations have
been derived for the particular subsystems:

e plate

dT,
Mpcpp_df ¥ (Tp %] TO)AkaO £ 3 (Tp T Tpp)Apkpp =0, (4)
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Fig. 1. Schematic of the probe for the dew point temperature measurements.

e heater and the air gap

(Tow — Tp) Apkipp + (Tpp — Ton) Apkipm = Qg, (5)

e radiator
dt;, .
MinCom ™ + (Tin — Typ) Aphipm + (Ton — To) Fhimp = 0. (6

Equations (4) and (6) are the ordinary differential equations of the 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 7}, is our primary objective.

First we determine from equation (5) the temperature T},

kpp kpp Qg .
= T, + Ton+ . (7
e kpp + kpm ¥ kpp + kpm & Ap(kpp + kpm) ‘

This temperature Tp, is then substituted into equations (4) and (6) and in th-
end we obtain the following form of equation (4)
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Mpcpp % 2%
Ap b,
kpp kpm, kpp kp’m Qg k’PP
= PR T — ko + — 220 | T+ Tokpo + — 22— 8
kPP g kP’m [ 7 kPP 3 kPm ¥ 25 e A;D(kpp + kpm) ( )

as well as equation (6) in the form

Mo Com AT Fipphipm . [ -

F
S TR
- A ojl -+

A L T LR S
F Q ok
+—kmoTp + — 22— (9)
AP A;D(kpp + kpm)

As a result of these rearrangements we obtain two linear differential equations
with two unknowns T, and T,. As it was mentioned earlier, we are primarily
interested in the solution of the plate temperature T}, hence we will conduct
our transformations in this direction. From equation (9) we determine T, and
from the differentiated form of equation (8) (derivative with respect to time) let’s
determine d7;,/dt. Substituting to equation (9) we obtain the linear differential
equation of the second order with re spect to T}, of the following form

M,Zlcpm Ml d%gp i <kl0 8, 1) M Cpm
. RA, dt R Ay
B BN MiOus | dds Elkwp kp0>
gt Sl g | Gip ~p0 £
+<+APR> Ap:ldt+[kp0+ A, <1+R 1y
kao k 0) F kmO Q
= lkpo+—— 1+ )|To+ |1+ -—77 )2 10
[p0+ Ap ( +R gEs JrAzokpm Ap (o
_ _Fppkpm
where R = m
The above form of the differential equation can be cast the simplified form:
i 8
A E +Bd—t+CTp—D (11)
where the terms A, B, C, D have the following values:
A = M Cpm MpCpp
Ap
- [ kPO Mmem F kmo pcpp
B = _<—R—+1>—7[;—+ <]+1—4;? _A;— )
oo -k Fk kpo (12)
= i p0+7(mup <1+—§—>},
[ Fk Epo >} F kmo| Q
Bl —Amﬂ — — 1| Tt 14— g
Lp0+ P <R 2 +Apkp'm Z]%
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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 T}, has the following form

D 1B —+/b% - 4AC 1B —+Vb?* - 4AC
Ty = EJFCI exp (—5 I ti) +C5 exp (—5 T ti) Aol 3)

In order to determine the constants C; and Cy we assume the following initial
conditions

ge ot —0 1, ~—p

dle
w1

Substituting the above conditions to equation (13) we obtain

(14)
for & —10

e %+C’1+02,

15
St SRR DQRe S ¢ g R A (13

q ==
Solving the above equation with respect to C; and Cs gives us

C1 = 1(2pC+¢B — VBT —4AC — 2D)\ +{C(—B?Jrzl{%’)]h)’

B2 LA AC Y By B2 —4AC
Cy = Y(2pC+¢B+ VBT — 140 - 2D)! +[c(—BLII{%’)]*)

(16)
The solution of equation (11) consists of the free response of the plate and the
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 response of the probe pro-
vides information about the dynamics of the system and enables better selection
of the probe dimensions and the construction materials.

4. Results

The model derived above has been tested on the example of the probe MELCOR
FC0.6-32-05TL [3]. Calculations have been performed for the following dimensions
given in Table 1 and Table 2.

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

Given quantities Value

Mass of the plate 0.000018 kg
Mass of the radiator 0.046 kg
Plate heat capacity 400 J/kg K
Radiator heat capacity 400 J/kg K
Width of the air gap 0.0000 75 m
Thermoelement height 0.0025 m
Plate thermal conductivity 370 W/mK
Radiator thermal conductivity | 370 W/mK

e heat transmission between the surroundings and a membrane

1
b= (17)

2Aaz‘r «

where § is the membrane thickness,

e heat transmission between the membrane and a heater (including the air
gap)
e 1
B, el e %
) B wewis i wee,

(18)

where 07 is the width of the air gap, s is the thermoelement thickness, Ay,
is the thermal conductivity of air and Ay, is a mean thermal conductivity
of the thermoelement (heater),

e heat transmission between the heater and a radiator

1
kpmt =i e (19)

Dogn, - 2hm

where h is the radiator height and )\, is its thermal conductivity,

e heat transmission between the radiator and the surroundings

1
ko= (20)

h Ap
5w T Te

Above relations have been derived under 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 surroundings and a plate 30 W/m>K
Heat transfer coefficient between the plate and thermoelement 266.7 W/m2K

Heat transfer coeflicient between the thermoelement and a radiator | 5.137 x 10*W/m?K
Heat transfer coefficient between the radiator and the surroundings | 503.8 W/m>K

Heat transfer coefficient to surroundings 30 W/m’K
Ambient temperature 25°C

Mean thermal conductivity of the thermoelement 210 W/mK
Thermal conductivity for air 0.0267 W/mK
Initial temperature 100°C

Initial heat flux -01W
Cooling heat flux -01W

Calculations of the temperature distribution of the membrane have been pre-
sented in Fig. 2. The fully developed temperature of the membrane is 15 Palbiden, —
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 consider now the influence of major components of the model on the
time distributions of the membrane.

4.1. Influence of the membrane mass on the dynamic 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 presented in Fig. 3.

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

e my,; = 0.00009 kg,
o myy = 0.00018 kg,
e mp3 = 0.00144 kg.

Selected values are twice reduced when compared to original case, or eight times
larger compared to the original case. The other parameters remain unchanged
and have the values from the Tables 1 and 2.
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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 limit for the dimensions of the mem-
brane. The membrane thlckness cannot be reduced infinitely and masses Mp1 and
mpo correspond to the technological limits attainable in practice.

4.2. Influence of the radiator mass 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 Fig. 4 presented are three curves. These correspond to three different
masses of the radiator, namely:

® My, = 0.023 kg,
® Mo = 0.046 kg,
o M3 = 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 unchanged and have
the values from the Tables 1 and 2.

As can be seen from the figure, the influence of the mass of the radiator on
the membrane temperature distribution is also significant. The larger mass of the
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Fig. 3. Influence of the membrane mass on the membrane temperature distribution.

radiator renders greater thermal inertia of the probe, and hence longer times for
achievement of the fully developed temperature by the probe.

4.3. Influence of the membrane and radiator material on the probe dynamic
response

The next parameter investigated was the material of the membrane and the
radiator. Analysed have been the influence of two other materials with significan-
tly different thermal properties. The results of calculations have been presented
in Fig. 6.

In Fig. 5 presented are three distributions corresponding to the following ma-
terials:

e \; =58 W/mK and C,,,; = Cp1 = 377 J/kgK (brass),
* A2 =370 W/mK and Cp,3 = Cpg = 400 J/kgK (copper),
e N3 =418 W/mK and C,,5 = 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 correspond to the possible different
materials for the probe. Thermal capacity of copper and brass is similar but for
silver it is different. Other parameters remain unchanged from the Tables 1 and 2.

The influence of the membrane and radiator material is not significant or even
not perceptible. This provides guidance that other material could be considered a
substitute as for copper. It seems that the fundamental influence comes from the
thermal capacity of the considered material and the thermal conductivity plays
less significant role.
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Fig. 4. Influence of the radiator mass on the membrane temperature distributions.

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

During experiments presented in [4] it was thought that the height of the air
gap between the membrane and the thermoelement could play 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
conditions:

e §; = 0.00001 m,
e 9 = 0.0001 m,
e §3 = 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 2.
From presented results it is clear that the height of the air gap is not a negligi-
ble influence but it does not play significant role in the response of the membrane.

4.5. Influence of heat transfer to surroundings on the dynamic 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
Figs7.

In Fig. 7 presented are three distributions corresponding to the following
conditions:
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Fig. 5. Influence of the probe and radiator material selection on the membrane temperature distribution.

e a1 =15 W/m?K,
e a3 =30 W/m?K,
e a3 =60 W/m?K.

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

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

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

The last parameter 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:

® Qg1 = 0.0 W (no cooling),
oChs = —0.1W,
° Qgg = —1.0 W.

As can be seen these are the values, which for the first 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.
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Fig. 6. Influence of the air gap on the temperature distribution of the membrane.

5. Conclusions

In the work presented here analysed is the influence of the construction pa-
rameters of the probe for the measurements of the dew point temperature 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 developed by means of which the influence of particular parameters on the
static and dynamic characteristics can be studied. The model 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 parameters on
the dynamic characteristics of the probe:

e mass of the membrane,

mass of the radiator,

e membrane and radiator material,

height of the air gap,

heat transfer to the surroundings,

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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surroundings. The height of the air gap separating the heater (thermoelement)
and the membrane does not play any significant 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 possible to reach
the dew point temperature by the probe.

Manuscript received in April 1998
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Analiza wplywu parametréw konstrukcyjnych czujnika do pomiaru
wilgotnosci na jego charakterystyki statyczne i dynamiczne

Streszczenie

W pracy przedstawiono rozwazania dotyczace pomiaréw temperatury przy pomocy czujnika ptytko-
wego sluzacego do pomiaru temperatury rosy. Analiza oparta jest na rozwigzaniu réwnan rézniczkowych
opisujacych dynamike czujnika. Analizowano wplyw poszczegdlnych elementéw czujnika na jego odpo-
wiedzi dynamiczne. Z przedstawionej analizy wynika, ze najwigkszy wplyw na dynamike czujnika ma
masa radiatora oraz warunki wymiany ciepla z otoczeniem. Drugorzedny wplyw ma masa membrany
oraz odlegloéé pomiedzy elementem grzejnym a membrana. Na statyke czujnika ma najwiekszy wplyw
rozwigzanie szczegdlne réwnania rézniczkowego, ktore przedstawia temperature ustalona ukladu. Przed-
stawiono dyskusje wplywu réznych parametréw plytki na czas odpowiedzi na zmiany temperatury.



