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Influence of plate thermal parameters on non-stationary
temperature measurements®

In the work presented are the considerations on the non-stationary temperature measurements of
the dew point temperature on a flat plate. Presented model enables determination of the dew point
temperature by examination of the plate temperature distribution. The model gives very satisfactory
results. The influence of selected plate parameters on temperature measurements is also presented.

Nomenclature
a —  thermal diffusivity, @ - heat flux,
A,B,C — constants, Pr - Prandl number,
cp —  heat capacity, R, - gas universal constant,
g —  concentration, Sec - Schmidt number,
h — enthalpy, T —  temperature, K
m —  humidity, ps/p, y —  vertical co-oordinate,
m —  mass flow rate, a — heat transfer coefficient,
M —  molecular mass, é - plate thickness,
P —  pressure, A - conductivity,
r — latent heat, T - time.
q —  density of heat flux,
Subscripts
Bp -  Dboiling point, I - liquid,
c —  cooling, s — saturation,
e —  external, w — wall
f —  fluid, 0 — initial,
g —  gas, concentration.
Superscripts
+ —  non-dimensional quantity,
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1. Introduction

The wet- and dry-bulb psychrometer is widely used to measure the content
of moisture in air. In its simplest form, the air is made to flow over a pair of
thermometers, one of which has its bulb covered by a wick whose other end is
immersed in a small water reservoir. Evaporation of water from the wick causes
the wet bulb to cool, and its steady state temperature is a function of the air
temperature measured by the dry bulb and the air humidity. Commonly, a psy-
chrometric chart is used to deduce the air humidity from the two temperature
readings.

Nowadays the common availability of digital readout thermocouples with
built-in cold junctions has led to the increased use of the 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 rapidly with time, see Trela [1]. The author developed a concept of
dew point temperature measurements based on the change of dynamical tempe-
rature around the dew point.

There are three possible cases to be considered, which are schematically shown
in Fig. 1. First is the one where the cooling process of the plate takes place and
finally the dew point temperature is reached. Another case is when the dew point
temperature cannot be reached due to insufficient cooling. The last possible case
is when we have to heat the plate in order to reach the dew point. In the present
work only a first case is considered, i.e. cooling of the plate until the temperature
reaches the dew point temperature, as the other possible cases can easily be bro-
ught down to the first case.

Consider stagnant air. During the first stage of cooling of wet air in the
boundary layer, the mechanism of heat transfer is only by convection to the
plate. When the dew point is reached (saturation conditions) then condensation
of vapour from wet air begins. This process is controlled by convection and con-
densation on the surface of the plate. The measurement of the plate temperature
usually takes place by a thermocouple embedded from below.

The authors set out the goal to describe the change of regime from that when
only convection is present to that where the mass transfer begins. This change of
regime is a sign that the dew point temperature has been reached. The thermo-
couple measurement is usually different from temperature of the plate but we can
assume that the plate thickness is small so that a linear variation of temperature
takes place across the plate.

2. Theoretical model

Surface energy balances for heat transfer and mass transfer are considered
below. An important problem is the condensation of a liquid, for example, con-
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Fig. 1. Possible modes of approaching the dew point temperature, a. cooling curve intersects the dew
point, b. cooling curve asymptotes some temperature, which is not a dew point temperature, c. plate
needs to be heated in order to reach and intersect the dew point temperature.

densation of water from air, as shown in Fig. 2. The steady-flow energy equation
applied to such system requires that

mAh = Q. (1)

In the situation considered here, the mass fraction of water vapour in air is rela-
tively small. The highest value is at the surface, due to the cooling process, but
even if the air temperature is as high as 50°C, the corresponding value of mpy,o
at 1 bar total pressure is only 0.077. The driving potential for diffusion of water
vapour into the interface is Am = m; ; — m; . and is small compared to unity,
even if the free shear air is very dry such that m; . = 0. We can then say that the
mass transfer is low and use low mass transfer rate theory. This assumption is
valid when we can assume that mass flux and heat flux are independent from each
other. For condensation of water vapour on a plate, the error incurred in using
low mass transfer rate theory is approximately half of the potential for diffusion of
water vapour and a suitable criterion for application of the theory to engineering
problems is Am < 0.2. If we restrict our attention to conditions, for which the low
mass transfer rate theory is valid, we can write 1m/A = g, (m1,s —my¢). Also, we
can then calculate the convective heat transfer as if there were no mass transfer,
and write geony = (T, — T,,) .In the present case we consider one-dimensional
conduction in the plate. The non-stationary form of the equation for temperature
distribution in the plate yields

ar L g ‘
o oE A



54 J. Mikielewicz, D. Mikielewicz

Te, Ve
——e i
Aconv ' ' Im

q

c

Yy

Fig. 2. The model considered.

with the following boundary conditions:

A%IO = a(Te = Tw)l() + gm(m]_’e = mlys)r, fOI‘ y = 0’

= (3)
A8—y|5 = —q,, for y = 4.

Integration of this equation with respect to y within the limits from 0 to § gives
4
0 1 oT oT
— | Tdy=—(A—|s —A=—|o ). 4
870/ v= (Mg k-Agh). (4)

According to the boundary conditions we can write that the heat flux at y = §
is represented by a heat flux due to cooling g. which is constant and measurable.
The heat flux at the distance y = 0 is the convective heat flux received from the
wet air above the plate. Therefore we can write generally that

-8—T/T dy = L(Q(T(3 = Tw)|0) 3l gm(ml,c o ml,s)r = QC)' (5)

Cpp

In our considerations we have to assume:
e constant material properties,
e constant cooling heat flux,

e constant humidity of air, m ,
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e approximation for m; , similar to that for ideal gas,

e plate thickness is small so that a linear temperature distribution in a plate
can be assumed.

)
Tc:Tw _ch- (6)

The last assumption holds after a preliminary period of time, until the penetration
temperature reaches other side of the plate, where T is measured. We would like
to solve our problem for the plate temperature which is in contact with air, so
substituting (6) to (5) in terms of T gives

J
0 ge bl
P 0/ <—-/\-y + Tw) dy = o (a(Te — Tw)lo) + gm(mie — m1s)r — qc>- (7)

Integration, differentiation and re-arrangement of the left hand side of equation
(7) provides the following general form of the equation for time response of the

plate
' 1
B = 5 (O = Tl gl =) — ). (®)

Equation (8) is an ordinary first order equation and hence it presents no difficulties
in numerical integration. Before we proceed further we shall cast our equation in a
non-dimensional form. Let us introduce the following non-dimensional quantities.

T, To P1 q
e Le Sastietiog, i Pl e e 9
Tbs & cppd P E: aTpp ©)

We can then recast equation (8) into the following form

i oA B, A i 10)

_— m e — 84 =,
ort be T pt+20/18(1—pt) )~ % (

where assuming conditions at p = 1.01 x 10° Pa and boiling temperature of 373 K

we can read out from tables 7 = 2.257 x 10% J/kg and calculate the constants
A, B and C

AT E fogw b tge 3MEmamy s D
a Ta, B s Fei

(11)

Now we need to resolve the way in which the mass content of water will be
calculated. After Mills [2] we write

gep ol M . 1 ;
(4]
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For natural convection from a plate, Stanton numbers for heat and mass transfer
in gases can be approximated in the following way using the power law relations

Gm Pr —2/3

The ratio of Prandtl to Schmidt number is called the Lewis number, a number
relevant to simultaneous convective heat and mass transfer. For the case of the
air flow past the plate the ratio g,,/a ~ 925.7.

It can easily be seen that condensation begins after the system has reached
the dew point temperature and up to this point there is no deposition of water
droplets, i.e. A = 0 as g, = 0. Humidity of external air can be evaluated from
the steady-state condition, when we set the time derivative to zero. Then

+ + 7t
+TT-C
P +qc _

T pt +29/18(1— pT) A Uy

mie

3. Calculation procedure

The problem of cooling without condensation can be solved analytically. The
equation (8) in such a case reduces to

My o % |
5 (T E). &)

Integration of equation (15) yields

<(~) - %) =Cexp (—ﬁT) : (16)

where © = T, — T3,. The boundary conditions are
for Q=10 7. =0, (17)

Substitution of boundary conditions to equation (16) results in the following

solution of (15)
dc 9c «
O—-=)=-= ——T].
< a) , &xp ( cppcST) (18)

This relation enables us to find time, after which the vapour present in air will
start to condensate on a plate. This time is equal to

C—-gq.—T"
= In ;
C_QC_TR/TBp

(19)
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This time is used in calculations to determine the point, when the mass transfer
starts to come into the model. In the first stage, prior to reaching the dew point
temperature by the plate, an analytical solution is used and after the dew point
temperature has been reached then the mass transfer term is included and equ-
ation (10) is solved in order to obtain the temperature distributions.

Integration of equation (10) is performed using a fifth order Runge-Kutta for-
mula using an adaptive step size [3]. It was found that the results produced using
this method are independent of the calculational step assumed in integration
procedure.

4. Results

The results of calculations are presented in Figs. 3 to 6. In calculations we have
assumed a constant dew point temperature and constant external air tempera-
ture. Calculations then proceeded at several cooling rates. Two different external
temperatures have been selected.

It is apparent from the figures that the influence of cooling has a significant
effect on reaching the dew point temperature. Obviously, it reduces the time re-
quired to reach this point. Increasing the cooling rate twice means that the time
to reach the dew point temperature will be reduced in a similar fashion.

The influence of the dew point temperature is showing up markedly in the
calculations. With the reduction of the dew point temperature we can observe
longer times of cooling in order to reach these temperatures. In Figs. 7 and 8 we
can observe some deteriorations of plate temperature even after the dew point
temperature has been reached. This is probably due to very intensive cooling.

Another very interesting point is that when the dew point temperature is
reached then the temperature distributions are almost flat. This finding is very
important for assessing the dew point temperature when only looking at the dy-
namical temperature distributions. Is helps significantly in accurate location of
the dew point temperature.

When we consider the non-dimensional time, we can also draw some very im-
portant conclusions. When we would like to reduce the real time of measurements
we have to enhance the convective heat transfer. On the other hand the stored
heat, i.e. the term pc,0, increases the time of measurements. This means that we
cannot sanction too large plate thickness as the response time will be inaccurate.

One would also argue that the plate does not start to respond immediately to
the cooling. It is so indeed. We used the penetration theory in order to evaluate
the time after which the heat will start to penetrate the plate and the sensor
(thermocouple) will start to respond.

Note that the thermocouple temperature will be somewhat delayed compared
with the plate temperature. We estimate the temperature lag using the theory of
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Fig. 3. Dimensional temperature distributions against non-dimensional time for Tg = 265 K and T,
293 K.
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Fig. 4. Dimensional temperature distributions against non-dimensional time for Tr =265 K and Te =
303 K.
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Fig. 5. Dimensional temperature distributions against non-dimensional time for T = 275 K and Te =
203 K.
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Fig. 6. Dimensional temperature distributions against non-dimensional time for T = 275 K and Te =
303 K.
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Fig. 7. Dimensional temperature distributions against non-dimensional time for Tr =285 K and T. =
293 K.
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Fig. 8. Dimensional temperature distributions against non-dimensional time for T = 285 K and T, =
303 K.
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penetration and the time lapse for an aluminium plate is approximately equal to

52

T =

. (13)
Ta
In calculations 7 is dependent on the geometry and the flow. For sample dimen-
sions of aluminium plate of thickness equal to 0.005 m and a = 8.418 x 1075 m?/s
the resulting response time is 0.0945 seconds.

5. Conclusions

In the present work the time response of a cooled plate is considered when
approaching a dew point temperature. The influence of the parameters of the
plate on the temperature measurements has been analysed. All considerations
are performed based on the low mass transfer rate theory.

Finding the dew point temperature is straightforward when looking at dyna-
mical temperature distribution. After the dew point has been reached the tem-
perature distribution is almost constant.

It has been shown that the equation describing the response of the plate re-
sponds well to the changes of the conditions of air.

Due to the fact that all these considerations are conducted on a basis of the
low mass transfer theory, the conclusions reached here cannot be extended to the
cases, where we have to deal with a significant mass transfer. Such situation can
take place in boiling, where my ; is no longer small. The resulting driving po-
tential for diffusion in then large and the mass transfer is high. Then we cannot
use the low mass transfer rate theory. At high mass transfer rates, there is also
significant mass transport by convection, because there is a velocity component
normal to the surface associated with the net mass transfer. Unfortunately, the
concepts involved in the analysis of the diffusion in a moving medium are not
simple.

Manuscript received in May 1997
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Wplyw parametré6w termicznych plytki na niestacjonarne pomiary
temperatury

Streszczenie

W pracy przedstawiono rozwazania dotyczace niestacjonarnych pomiaréw temperatury przy pomocy
czujnika plytkowego. Analiza oparta jest na rozwigzaniu réwnania rézniczkowego. Przy pomocy tego
réwnania okreslenie punktu rosy jest bardzo proste. W momencie gdy temperatura punktu rosy zostanie
osiggnigta obserwujemy brak zmian w rozkladzie temperatury. Przedstawiona jest dyskusja parametréw
plytki na czas odpowiedzi na zmiany temperatury.



