INFLUENCE OF THE TEMPERATURE OF A FLOW
ON THE READINGS OF A HOT-WIRE ANEMOMETER

V. N. Levitskii, E. U. Repik, UDC 532.57:533.6.071.082.61
and Yu. P. Sosedko

The error due to the flow temperature and sensor wire temperature in measuring
the mean velocity of a flow using a hot-wire anemometer is studied.

When measuring the average velocity of a flow using a constant-temperature hot-wire
anemometer, the following relationship between the voltage drop along the sensor wire of
the hot-wire anemometer to the velocity is usually used:

E*= A"4- B'W", (1)
where the constants A' and B' are determined during the calibration process. In order to
obtain the best precise velocity values, it is necessary that the temperature of the flow
Te at the time of measurement be the same as during the calibration experiments. However,
it is difficult to satisfy this condition in practice, since the calibration and measure-
ments are, as a rule, carried out at different times, when the temperature of the flow may
be different. Moreover, in many wind tunnels, the value of Ty, may even vary during the
measurement process. Under these conditions, the coefficients A' and B' in equation (1)
will be functions of the temperature Tg. Calibrating the hot-wire anemometer semnsor for
the various values of the temperature Tg which may occur in an experiment is extremely
difficult and requires large expenditures of time. It would be much easier to use a cali-

bration relation of the form (1) obtained for an arbitrary value of T, provided that coeffi-
cients A' and B' are known functions of Tg.

Equation (1) is a special case of a more general relation for the heat exchange between
the sensor wire of a hot-wire anemometer and a gas or liquid flow:

Nu = 4 -+ BRe", (2)
where
E*aR, ;Re_:_e_mi_'
n}“’lRw (Rw - Re) w

As was shown in [1], there is a large spread in the values of the constants A, B, and n

in (2) experimentally obtained by various researchers. There is also no common point of
view about what temperature the values of A, p, and p occurring in the expressions for Nu
and Re refer to, so that it would be possible to use equation (2) for various sensor wire
temperatures T, and flow temperatures Tg. There have been attempts to use Ty and Ty, as
well as the skin temperature Ty = 0.5(Ty + Tg) (by analogy with the concept of character-
istic temperature introduced in [2, 3]) as a defining temperature. Also, in several papers
(see, for example, [4]), an additional factor containing the ratio Ty/Tg or Ty/Te is in-
troduced.

At present, the Collis—Williams relation [4] for an infinite heated wire around which
a stream of air flows has come to be the most widely used in experimental research:
T \—0.17
N, (—Tln—) — A, + B, Rel, (3)
where A; = 0.24 and By = 0.56. The subscript m indicates that the values of A, p, and u
are those appropriate to the skin temperature Ty. In this case, it is assumed that (3) is
valid for any values of Ty and Tg.

It is more convenient to use the following calibration function in place of (1) when
analyzing the influence of temperature on the hot-wire anemometer readings:
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where, in agreement with the general relation (2),
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When written in this way, the left-hand side of (4) is more conservative with respect to
variations of Ty and T,.

There are several approaches to evaluating the influence of Ty on the output signal of
the hot-wire anemometer [5]. In several papers (for example, [6, 71), it is assumed that
the temperature dependence of the parameters A, p, and p can be neglected to first approxi-
mation; it then follows from (4) that for, say, Ty = const, the departure of the quantity
E? from its calibration value must be proportional to the corresponding temperature devia-
tion (T, — Tg). For a more rigorous estimate of the temperature error, the temperature
dependence of the parameters X, p, and u is also taken into account [8, 9, 10]. However,
even in this case, the calculated value of the temperature error will depend on the parti-
cular form chosen for generalized relation (2). There are no systematic experimental data
in the literature which would allow the validity of the existing methods for calculating
the temperature error of a hot-wire anemometer to be evaluated. The results for quanti-
tative estimates of the magnitude of this error are highly inconsistent.

In the present work, new experimental results are presented which allow the available
information on the question at hand to be improved and allow well-founded practical recom-
mendations for estimating the influence of the flow temperature and the temperature of the
hot-wire anemometer sensor wire to be developed on the basis of measured results.

The experiments were carried out in a low-turbulence (V(G')?/u = 0.1-0.2%) wind tunnel
with a flow velocities of 1-17 m/sec and flow temperatures from 288 to 323°K. The flow
velocity was measured with a DISA 55 A0l constant-temperature hot-wire anemometer. A pla-
tinum wire with diameter d = 5.3 pm and length & = 0.965 mm (%/d = 182) was used as the
sensor of the hot-wire anemometer. The distance between the wire holders, around which
the flow moved longitudinally, was 2 mm.

Control measurements of the flow temperature were carried out using thermocouples with
an error of no greater than 0.2°K. The actual flow velocity was determined using a total
thrust tube and the statistical pressure recorded on the wall of the tunnel at the cross
section where the sensor wire of the hot-wire anemometer was located. The measured pres-
sure drop was recorded with a high-sensitivity manometer whose rms error ¢ = 0.004 mm of
water.

Three series of experiments, corresponding to three different regimes of operation of
the hot-wire anemometer, were carried out:

a) Ty = const, Tg = var. This measurement regime corresponds to conditions under
which the temperature of the flow varies during the experiment, while the wire temperature
T, remains constant. The experiments were carried out at values of Ty = 450, 500, 550,
and 600°K, and the flow temperature was varied from 288 to 323°K in each case;

b) AT = T, — Tg = const, Tg = var. This case corresponds to conditions under which
the overheating of the sensor wire Ty, — Tg was held constant independent of the value of
Te. Experiments were carried out for AT = 150, 200, 250, and 300°K;

c) k = Ry/Rg = const, Tg = var. This regime corresponds to the most realistic condi-
tions for real measurements, where the temperature T, is held constant during the experi-
ment, but its value differs from the value Tyoy3 at which the calibration was carried out.
Thus, a unique value of Ty was determined for each value of (Ry = kRg). Studies were made
for k = 1.4, 1.6, 1.8, and 2.0.

Typical results of measuring the value of E? as a function of u®'*% (of the form (1))
for various values of Ty in the three measurement regimes are shown in Fig. 1. Clearly,
the experimental data can be described well by straight lines, with the coefficients A'
and B' depending on the value of T,. The greatest influence of T, is observed for Ty =
const, and the least for k = const.
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Fig. 1. Typical results from experimental measurements of the influence of the flow

temperature on the calibration relation for a hot-wire anemometer (E, V; u, m/sec).

Measurement regimes: a) T, = 500°K; b)AT = 200°K; c) k = 1.6; 1) Tg =288°K; 2) 293°K;
3) 298°K; 4) 303°K; 5) 313°K; and 6) 323°K.

Fig. 2. Coefficients of calibration relation (6) as a function of Ty(K) and Tg(K). Mea-
surement regimes: 1) Ty, = const; 2) AT= const; 3) k = const; 4) To = 288°K; 5) 293°K;
6) 298°K; 7) 303°K; 8) 313°K; 9) 323°K.

It should be noted that the coefficients A' and B' are dimensional quantities; their
quantitative values depend on the geometrical dimensions of the wire and the wire material
in a particular sensor. To obtain some more general information, it is appropriate to
represent the results of the present study in dimensionless form, which will allow them to
be used for sensors with arbitrary parameters. And so, analysis of the experimental data
using a generalized form of the calibration relation,

Nup = A -~ BRej'*® (6)
(where the subscript "O'" indicates that the quantities A, p, and u occurring in the ex-

pressions for Nu and Re are referred to a temperature T, = 272°K), was carried out here.
If (6) is rewritten in the form
E2F,
Ry, (R, — Ro)

where F, = aR,/m\o% and H, = (p,d/uy)° *%, the coefficients A' and B' in (1) and the dimen-
sionless coefficients A and B in (7) will differ by the following factors:
A’=A£’£(—I—Q—‘”-——RQ,B’=BRH,(RW—R9 _H_O (8)
Fo FO

In the present work, the constants A' and B' were determined for experimental relations
of the form (1) (Fig. 1) using the method of least squares. The dimensionless values of A
and B determined from (8) for all of the flow regimes studied are shown as a function of
Ty in Figs. 2a and b; the quantity Tg is a parameter. Clearly, the coefficients A and B for
each value of Ty can be approximated by linear relationships of the form

A = ClTw + dl’ B = Csz + d;'_n

and the coefficients c¢; and c, can be assumed to be constants independent of T, within the
experimental scatter of the measured points, while the coefficients d, and d, are linear
functions of the temperature Ty (Figs. 2c, d):

= A+ Bu"¥H,, (7)
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Fig. 3. Influence of the flow temperature on the calibration relation in co-

ordinates appropriate to the Collis—Williams relations [4]: &/d » «; T, =
500°K; 1) calculation using (3); calculation using (6) and (13); 2) Tg = 273°K;
3) 323°K.

Fig. 4. Relative error in the measurement of the flow velocity Aufu (%) for a
change of 1°K in the flow temperature as a function of flow velocity u (m/sec).
Measurement regimes: a) k = const; 1) k = 2.0; 2) 1.8; 3) 1.6; 4) 1.4; b) AT =
const; 5) AT = 150°K; 6) 200°K; 7) 250°K; 8) 300°K; c) T, = const; 9) Ty = 600,
10) 550°K; 11) S00°K; 12) 450°K.

dy = ay+bT,, dy=ay+ b,T..
Hence, we obtain the following expressions for A and B in the general case:
A=a 4+ 0T+ Ty, B=ay,+b,T,+cTy, (9)
from which it follows that the influence of the temperatures Ty and Ty on the values of the
coefficients A and B is additive.

Reduction of the experimental data shown in Fig. 2 using the method of least squares
allowed the following dependences of the coefficients A and B on T, and T, to be obtained
for ¢/d = 182:

A=19-—4.1-103T,4 0.286-10-2T,
B=17-—3.02-10"°T,~— 0.231-1073T,.

The rms deviations of the experimental values of A and B from the empirical functions in
(10) for the complete experimental data set were oy = 1.5% and og = 27, respectively.

(10)

In order to go from the expressions in (10) obtained for a finite-length sensor wire
(2/d = 182) to the case %/d » », we use the empirical relations for the coefficients of the
calibration relation written in the Collis—Williams form (3) from ([11}]:

A =013+ (zal?-%-79)(-§_)_,‘
a,
’ for  1jd < 500, (11)

&:05+(%75L+1ﬂ

0

AI::025~F<21—£—ﬁ-22>(
dy

d
31:053+(2¢2;—-+8)

0

I\

‘:i—') , (12)
PR for  71/d~500,

()]

where d; = 5.4 ym. It should be noted here that the coefficients A, and B, depend on both
2/d and the wire diameter d. For the experimental data, we have the following from (11) and

(12): 1)
Ay (d> o) gy Billidro) g g

A (jd = 182) © B (l/d=182)
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Assuming that the influence of the temperatures Ty and T, on the calibration relation do
not depend on the elongation of the wire &/d or its diameter d, and that

A (l/d — o0) _ A(ljd—o0) By (l/d— o0) _ B (l/d— oo)
A (lyd = 182)  A(l/d = 182) , By (ljd=182y  B(l/d = 182) '

we obtain the following expressions for A and B for an infinitely long wire:

A=0.685—1.48-10-3T, + 0.103-10°3T,

for [/d->co.
B ::1.52-——2.69-10—3Te~—(L206-10—3Tu,} e (13)

Together with (13), (6) is a generalized calibration relation, in which (unlike the ana-
logous well-known relations) the influence of the temperatures T, and Tg (including the
temperature dependence of the parameters A, p, and u) occurred only in the coefficients A
and B. A comparison of equation (3) with equations (6) and (13) is shown in Fig. 3. It is
obvious that using the Collis—Williams coordinates does not completely remove the influ-
ence of Ty on the law describing the heat exchange of heat between the wire and the air flow.

Using generalized relation (6), it is easily possible to transform to particular forms
of calibration relation (1) and (4) for any particular hot-wire anemometer sensor. In doing
so, the correction for the finite length of the wire can be determined if necessary, using
equations (11) and (12). Note that the general form (6) can be used in any measurement re-
gime: Ty, = const, AT = const, k = const, etc.

In order to make a quantitative estimate of the influence of the variations in the flow
temperature T, on the measured value of the flow velocity u, it is convenient to apply the
variational method to equation (6). We write (6) in the following form: '

1 .
*=(A+BRes" ") Ry (Ryy— R) —— = [ (0, Tor T), (14)
¢
where the coefficients A and B are, in general, given by (9). Then the error in the measure-

ment of the quantity E2? due to an increase in the temperatures relative to Tg and Ty,
apr— U ar, . O
e w

For constant values of Ty and Ty, the differential AE? increase can be expressed in
terms of the differential Au:

AT,,. (15)

AE: = 9L Ay (16)
ou

Setting (15) and (16) equal to one another, we obtain an expression for estimating the
relative error in the measurement of the velocity due to small variations in Ty and Ty:

Au_ Umegt | {U“””+@—BQAﬂ+{JﬁEﬂL+%+BMMﬂ4,(”)

i u 0.45B Rebr ¥ Reg*° )

where L = afrg(k — 1), M = a(2k — 1)/ry(k — 1), re = Rg/Ry, Ty = Ry/R,, and the values of
Te, Ty, and u correspond to the calibration conditions.

Expression (17) is valid for any measurement regime. Equation (17) becomes much sim-
pler in the special cases Ty, = const (AT, = 0), AT = const (ATy, = ATg), and k = const (AT, =
kATg). When using Eq. (17) in practice, the coefficients A, B, b, and ¢ occurring in it
must be corrected for the finite value of #/d for a particular semsor, in accordance with
(11) and (12).

In some cases, it is more convenient to define the error Au with respect to the mea-
sured velocity upagg, Since the actual velocity u is not known beforehand. In this case,

we shall have
Au  Au 1

Umeas * 1+ Au (18)
u

where the quantity Au/u is given by Eq. (17).

It should be noted that Eq. (17) was obtained under the assumption that Au depends
linearly on ATy and ATy. In fact, this relationship becomesnonlinear for large values
of ATg. Nevertheless, the estimates made above showed that Eq. (17) yields sufficiently
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accurate results, as long as the absolute value of AT, does not exceed 10°K. As AT, in-
creases further, it becomes necessary to carry out an additional calibration when the value
of Au becomes comparable to u.

The results of calculating the error Au/u for ATg = 1°K for the hot-wire anemometer
sensor used in the present experiments (%/d = 182, d = 5.3 um) are shown in Fig. 4 as a
function of the flow velocity for various measurement regimes. It is obvious that the error
Au/u may be either positive or negative, with the smallest error being associated with the
measurement regime k = const.

It follows from (17) that the degree of influence of the flow temperature Tq on the
error in the measurement of the averaged velocity in general depends on the flow velocity,
the diameter and length of the sensor wire of the hot-wire anemometer, the overheating co-
efficient k and the temperature level T,.

NOTATION

E, voltage drop along the sensor wire; u, flow velocity; v(u')?, rms value of the fluctua-
tions in the longitudinal velocity; A, B, coefficients in the calibration relation; n, ex-
ponent in the calibration relation; Re = pud/u, Reynolds number; A, p, and p, coefficient of
thermal conductivity, coefficient of dynamic viscosity, and density of air, respectively; T,
temperature, °K; d, %, diameter and length of sensor wire; Ry = Ro[1 + a(Ty; — T,)], electri-
cal resistance of the heated filament; k = Ry/Rg, overheating coefficient of the sensor wire;
o, temperature coefficient of resistance of the wire material. Subscripts: e, w, conditions
at the flow temperature and the temperature of the heated wire; m, conditions at the skin
temperature; 0, conditions for Tg = 273°K.
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