DYNAMIC CHARACTERISTICS OF THERMOANEMOMETERS
WITH GLASS—COVERED. TRANSDUCERS

7
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This study deals with the frequency characteristics of a glass-covered thermistor serving as
transducer in a thermoanemometer and of a constant-resistance thermoanemometer with such
probes.

An evaluation of the measuring performance of thermoanemometers with probes protected against am-~
bient hazards ranks among the most important engineering tasks related to modern methods of fluid flow
analysis. In some studies concerning the use of metal and semiconductor-type thermistors for measure-
ments of transient fluid flow no consideration was given to the effect of the insulating cover on the probe
and the overall instrument characteristics [1, 2]. At the same time, all available test data prove that the
presence of glass in thermistor probes used for semiconductor-type thermoanemometers [3] does appre-
ciably affect the instrument characteristics.

The author has made an attempt to theoretically evaluate the characteristics of thermoanemometers
with probes protected against the moving ambient medium by means of a layer of special insulation. In
the first approximation, the physical paftern of heat transfer between fluid and thermoanemometer probe
is described by a one-dimensional mathematical model, with the real transducer (a bead of temperature-
sensitive material coated with glass) replaced by an infinitesimally thin hot film between two sheets of in-
sulating material at the ordinate y = 0 (Fig. 1). The thickness of each glass layer is [; the mass of the
sensing element can be taken into account in terms of the total heat capacity C determined from tests with
a real thermistor,

In order to linearize the heat transfer equation, all variables are separated into average-in~time and
fluctuation components {they are denoted by different symbolsj.

The equation of steady-state heat conduction through a glass layer is
otT
dy*

=0 (1)

The boundary counditions for Eq. (1) are defined on the basis of the following concepts:

1. At the location of the hot film (y = 0) the steady-state temperature of the glass T is equal to the
operating temperature of the film Tp and the thermal flux (heat dissipated per unit area of thermistor sur-
face) is transmitted by conduction through the glass layers:

D Q=—2r —; )

2. At theglass fluidboundary (y = 1), as a result of the temperature difference between glass and

fluid, there occurs a heat transfer
oT
2 — =A(T-T 3
5 =AT—T0) ®

(the factor 2 in both boundary conditions accounts for the symmetry of heat conduction through the two
glass layers).
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Fig. 1. MT-64 thermistor and the mathematical mod-
el of heat transfer between it and moving fluid: 1) glass
which insulates the transducer from the fluid; 2) bead
of heat sensitive semiconductor material; 3) thermis-
tor leads; 4) hot film,.

Inserting the solution to Eq. (1) with the boundary conditions (3) into the formula for the so-czlled
total heat transfer at the probe, as if the latter were in direct contact with the moving fluid,

Q
Ay == e 4
o = o)

we have

A
Avtot =T - (5
A 1 (5)

2h

The temperature drop across theglass—fluid boundary is

H—TL
AT =Ty =Ty == ®)
o
The thermal flux from an electrically heated transducer element
I*R
Q= 7

S

can be determined experimentally and the coefficient of steady-state heat transfer at the probe —fluidbound-
ary can be found from (4) and (5).

The equation of transient heat transfer through a glass layer is, in operator form:
%t
oy*

The boundary conditions for this equation are;:

=pr. (8)

1. At the location of the hot film (y = 0) the fluctuating temperatures of the glass and of the trans-
ducer (and their models) are equal:

T=Tp 9

2. The heat from the film is partly transferred to the glass layers and partly spent on increasing

the internal energy of the transducer element, in transform notation,
g=—2 =
oy

+ Cpr. (10)

3. At theglass—fluid boundary (y = ) the incoming fluctuating thermal flux is transferred to the
moving fluid. Applying the Laplace transformation to condition (3) after differentiation, we obtain

Jat
—2h 5; =Ar+o(T—Ty). {in

Inserting the solution to Eq. (8) into expression (10) for the transform of the fluctuating thermal flux
yields

90k [(Ach kl-+2hk sh kl) tyt-aAT]
7= A sh k- 20k ch &l + Gy (12)
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with the frequency parameter
k=1 pla. (13)
In this case of a thermoanemometer transducer, a Laplace transformation of Eq. (7) after differen-
tiation yields
2IRi+I*r
— _.T+_. : (14)

If one considers also that the following characteristic relation between resistance and temperature
fluctuations applies to a thermistor

r=0a,R,, (15)
then
1 [2hk(Achkl+2Mkshkl) | ]_ﬁ} _ 2R 2 MeaAT (16)
{ a,R | Ashkl+2Mkchl 1S S Ashkl--2Mechkl

With no glass (I = 0), we obtain a transform of the well known heat balance equation for a thermo-
anemometer transducer [4]
2IRi--IPr

pC+Av+adT — ———, (17)

and the fluctuations of thermistor resistance r are related to the fluctuations of electric current i and to
the fluctuations of heat transfer o by the following equation in operator form

_ 2[R . ATS
C, S 2IR
r{i+p e A T = i P (18)
e (apR s)_ aR S

which represents a first-order transfer function,

With thin insulating layers and at low frequencies (kI < 1) expression (16) reduces to an analogous

one:
211?[__2_7»_ o ATS]
C, S I A 2R
r [H—p e o ~£> ]— % P . (19)
’ <%ZR S alR S
At kI > 1 relation (16) is accurately enough approximated by the relation
I »n ./ p C } 2aAT 2{Ri ‘
r[——~1‘-—~ — =5 P= - . (20)
SR l/ a %R (H— Ak ) exp (k) §
or
r o i
Lo w2
ok = gV @1)
where
W 1 : 1
T T ? = 22
14+ 7V pN'+ pM 1+ A->exp(kz) (22)
2k
and
2
V(2 o= 3)
@ a @,

are the thermistor time constants,

The transient equation (21) indicates that at high frequencies the responses of a glass-covered frans-
ducer to electric current fluctuations and to heat transfer (flow rate) fluctuations differ by a factor ¢,
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Fig. 2. Schematic block diagram of a constant-resistance ther-
moanemometer,

Fig. 3. Amplitude-frequency characteristics of a thermistor,
calculated according to formula (16): 1) ratio of moduli in the ex-
pressions for current and resistance fluctuations in a transducer,
at a water velocity 2 m/sec; 2) the same at a zero water velocity;
3) ratio of moduli in the expressions for heat transfer and resist-
ance fluctuations in a transducer, at a water velocity 2 m/sec; 4)
the same at a zero water velocity., H (dB).

When the constant-resistance principle is used in a thermoanemometer, the thermistor becomes one
arm of a Wheatstone bridge and an unbalance signal from the latter is transmitted to the input of a feed-
back amplifier. The output from this amplifier is fed across the supply diagonal of the bridge circuit,
When the conditions in the stream around the probe change, the electric current in the latter changes too
and the transducer resistance remains almost constant.

With a feedback-amplifier gain Ky, a fluctuation of the transducer resistance r will change the trans-
ducer current by [6]

o { RK, _1} ‘
R+R, | R+R, (24)
L, e.,
L_ T 2m K, ﬁl\ _
I 2R mid (l+m ) 25)

where m denotes the ratio of thermistor resistance to resistance R, in series with it (Fig. 2).

Combining Eqs. (21) and (25) will yield the sought transfer function of a constant-resistance thermo-
anemometer with a giass-covered probe:
i
1 1 28)
& (1+ 2?13 ) exp (k) (1 -1/ pN + pM)

v,

where the instrument time constants

_ N(mEDE M)

O Ko@mp K,2m
are smaller than the respective thermistor time constants Nt and M! by an amount which depends on the
feedback-amplifier gain.

(27)



The form of the exponential factor in (26) suggests that reducing the glass thickness [ will appreciably
improve the response characteristics of the instrument in the high-frequency range.

This simplified theory based on a one-dimensional model of a protected transducer-probe in a fluid
stream yields, of course, an only rough approximation to the true spatial pattern, but it is nevertheless
adequate for comparing the dynamic characteristics of thermoanemometers with glass-covered probes of
various thicknesses. It becomes possible to evaluate the quality of measurements of fluctuating flow para-
meters when such measurements are made with these instruments.

Calculated frequency characteristics for a probe of a water thermoanemometer with MT-64 ther-
mistors [3] are shown in Fig, 3. The following data were used in the computation: static calibration of
the instrument 12 = 0.225-107% + 0.02 - 10~% Vu, operating thermistor resistance R = 585 ©, operating tem-
perature T = 331°K, water temperature T, = 289°K, temperature difference Tp—Ty = 42°C, tempera-
ture coefficient of resistance of the MT-64 at operating temperature o, = —3.24-107%/°C, thermal capacity
of thermistor CT = 44 J/m?-°C, thermal conductivity of glass A = 1.255 W/m - °C, thermal diffusivity of
glass a = 0.6-107% m%/sec, outside probe radius 0.32-107° m, estimated glass thickness [ = 0.14-1073 m,
and active surface of heat transfer from transducer to glass S = 0.203 -107% m?,

The curves plotted for flow velocities 0 and 2 m/sec indicate a distinct difference between the ther-
mistor response to fluctuations of heat transfer o with the surrounding water and to fluctuations of trans-
ducer current; the probe response was defined as the fluctuation of resistance r according to Eq. (16).

As is to be expected, the frequency characteristics of this thermistor improve rapidly with increasing
stream velocity, An experimental check of the relation (26) for a semiconductor-type thermoanemometer
with a feedback-amplifier gain K, = 43 has shown that this relation as well as relation (16) remain valid
within 30% at zero water velocity, which confirms that this model is suitable for purposes of evaluating the
use of thermoanemometers with glass-covered probes in dynamic measurements.

NOTATION

A is the average-in-time coefficient of heat transfer at the glass —fluid boundary, W/m? - °C;

Atot is the coefficient of steady-state heat transfer at a bare probe (a fictitious quantity introduced for
gauging the heat transfer between a glass-covered probe with the moving fluid), W/m?. °C;

a is the thermal diffusivity of glass which insulated the heat sensitive element from the fluid, m?/sec;

Cop is the total thermal capacity of transducer, W - sec/m? - °C;

H, is the ratio of moduli in the expressions for current and resistance fluctuations in the transducer,
dB;

H, is the ratio of moduli in the expressions for heat transfer and resistance fluctuations in the trans-
ducer, dB;

I is the quiescent current through thermistor, A;

i is the transform of fluctuation current through thermistor, A;

K is the voltage gain of feedback amplifier;

k is the frequency parameter, 1/m;

A is the thickness of glass layer, m;

Nt is the intrinsic time constant of thermistor, sec;

N is the time constant of constant-resistance thermoanemometer, sec;

M is the intrinsic time constant of thermistor, sec;
M is the time constant of constant-resistance thermoanemometer, sec;
p is the complex variable in the Laplace transformation;
Q is the average-in-time thermal flux from the transducer, W /m?
q is the transform of thermal flux fluctuations in the transducer, W/m?%
R is the average-in-time operating resistance of thermistor, Q;
Ry is the constant resistance in series with the thermistor in the thermoanemometer circuit, Q;
T is the transform of resistance fluctuations in the thermistor, §;
is the effective surface area of heat transfer from the transducer, m2
Tp is the steady-state temperature of hot film, °K;
T is the steady-state temperature of insulating glass layer, °K;
Ty, is the temperature of fluid, °K;
u is the velocity of oncoming fluid, m/sec;
Wt is the relation between resistance fluctuations and current in the thermistor, in operator form;
y is the space coordinate in the mathematical model of the transducer, m;
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o is the fluctuation component of heat transfer coefficient, W/m?. °C;

o, is the temperature coefficient of resistance, 1/°C;
A is the thermal conductivity of insulating material, W/m - °C;
Tp  1s the transform of temperature fluctuations in the hot film, °K;
T is the transform of temperature fluctuations in the insgulating glass layer, °K;
e is the coefficient in the transfer function of a thermistor at high frequencies,
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