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Abstract- A permanent magnet probe for local velocity, temperature and turbulent heat flux measurements in 
liquid metals is described. The sensitivity and the linearity of the probe are discussed and the thermoelectric 
and thennomagnetic sources oferror are estimated, since they can be important. It is found that in flow regimes 
influenced by natural convection one has to correct for the thermoelectric effect. Results from isothermal and 
non-isothermal flow of liquid sodium at Re = 40,000 and q,,.,,, = 20.0 kW me2 are presented and compared 

with previous data for liquid metals and air. 

1. INTRODUCTION 

THE MEASUREMENT of a turbulent velocity field in liquid 
metal flow is not a trivial matter. Widely used methods 
for velocity measurements in other fluids than liquid 
metals are not suitable for several reasons. Optical 
methods cannot be applied because of the opacity of 
liquid metals. Hot film sensors seem to be restricted to 
liquid mercury and do not work beyond fluid 
temperatures of 100°C [l-3]. Pitot tubes are troubled 
by the solidification of the liquid metal and only give 
values for the local mean velocity component [4,5]. 
Since the application of semi-empirical turbulence 
models in liquid metal flows requires more information 
about the turbulent heat flux [6,7], this is still an open 
field for development of measuring techniques. 

A method for measuring velocity and temperatures 
simultaneously by a permanent magnet probe is 
described. The electromotive force induced in a liquid 
conductor (e.g. sodium) moving through a magnetic 
field is used. The electric potential is detected by two 
open-ended thermocouples, which are used to measure 
temperatures at the same time. A similar probe was 
described by Ricou and Vives [4], but this did not 
include temperature registration. 

2. PRINCIPLE OF THE PROBE 

The probe works on the basis of Faraday’s law [8], 
i.e. if an electric conductor moves through a magnetic 
field the conductor has an electromotive force induced 
in it which is in a direction normal to the magnetic field 
and the direction of motion. It will be shown later, that 
the electromotive force generates an electric field which 
is nearly proportional to the intensity of the magnetic 
field and to the velocity of the conductor. 

By miniaturizing the probe its influence on the 
hydrodynamic flow structure can be reduced. Also, by 
immersing the permanent magnet in the liquid metal, it 
is possible to reduce the magnetohydrodynamic effect 
on the flow to a minimum. 

2.1. Construction of the probes 
Since the measurements were made in a vertical 

circular duct, it was necessary to construct two different 
probes to measure all three velocity components. The 
axial probe [Fig. l(a)] measures only the axial velocity 
component in the pipe, the radial probe [Fig. l(b)] 
simultaneously measures the radial and azimuthal 
components. Both types of probe have a small 
cylindrical permanent magnet fabricated from a rare- 
earth element enclosed in the tip. The magnetic field is 
either transverse to the axis of the pipe, for measuring 
the axial velocity component, or parallel to the axis for 
measuring the transverse velocity components (radial 
and azimuthal). The two electrodes of two open-ended 
chromel-alumel thermocouples are used to measure 

FIG. 1. (a) Axial velocity probe;(b) transverse velocity probe. 
(1) Rare-earth permanent magnet (RECOMA),(2)open_ended 
chromel-alumel thermocouple, B magnetic field direction. 
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NOMENCLATURE 

specific work of flow, equation (15) 

CNm 1 -1 s-1 
magnetic field [G] 
strength of magnetic field on the 

surface of sphere [G] 
inverse calibration factors, equations 
(23), (24) [m V-l s-l] 

distance between thermocouples at 
the tip of the probe [m] 

induced electric field, equation (2) 

PI 
thermoelectric influences, equation 

(5) CVI 
auto-spectral density function 
cross-spectral density function 
transfer function of amplifier/filter 

chain 
Green’s function [lo] 
transfer function of probe signal x(t) 

electric current, equation (4) [A] 
kinetic energy of flow, equation (17) 

[N m-l s-‘1 
characteristic length, equation (13) 

Cm1 
vector normal to surface of sphere 

Ettinghausen-Nernst coefficient, 
equation (20) [V “C- ’ G- ‘1 
radius of the magnetic sphere (Fig. 2) 

Cm1 
correlation coefficient of signals x 

and y 
radius, cylindrical coordinate [m] 
points on the surface of the sphere 
(Fig. 2) 

Reynolds number, UD/v 

magnetic Reynolds Number, 
equation (13) 
thermoelectric coefficient [V “C’] 
temperature c”C] 

us ui velocity field, velocity component 
[m s-l] 

4 fluctuation of velocity component 
[m SK*] 

I/‘, 0 potential and potential fluctuation at 
electrodes [V] 

x(t), y(f) effective signals 

X(f), Y(f) Fourier transforms of effective 
signals 

z(r) measured signal 

Z(f) Fourier transform of measured 
signal. 

Greek symbols 
AT temperature difference between the 

electrodes of a thermocouple c”C] 

; 

temperature fluctuation [“Cl 

cylindrical coordinate 

p magnetic permeability (41 x lo- ‘) 
[VsA-‘m-l] 

P density of fluid [kg m - 3] 

electrical conductivity [Q- ’ m-‘1 
vector of flow direction. 

Subscripts 
a alumel thermocouple electrode 

R 
chrome1 thermocouple electrode 
sodium 

W corrected by amplifier/filter transfer 
function. 

Abbreviations 
Av, = V,,- V,, 

Av, = V,,- V& 

Au, = v3c-v3a 
Au, = vbc - vha 
Au, = v3a-vU4a 
Au, = v~~-v~~. 

the velocity-induced electric potentials. The thermo- 

couples are similar to those developed by Bunschi et al. 
[9]. With these thermocouples it is possible to 
simultaneously measure fluctuations of temperatures 
and velocities with good spectral resolution. The 
turbulent heat flux can be determined from a cross- 
correlation of both signals-temperature and velocity 
fluctuations. 

2.2. Physical relutions 
The induced potential can be defined by the 

stationary Maxwell equations (l)-(3) and Ohm’s law 

(4) : 
rot B = pj (1) 

rotE=O, i.e. E= -gradV (2) 

div B = 0 (3) 

j = a(E+E’+UxB). (4) 

In (4) the symbol E’ stands for the thermoelectric and 
thermomagnetic influences. These are the two main 
disturbances affecting the induced electric potential. 

E’ = -SVT-Q(VT x B). (5) 

Equations (l)-(5) lead to a Poisson equation for the 
potential V. The equation is tailored to the 
requirements of the probe, therefore only those effects 
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which influence the probe signal are considered 

V.(d’v) = V.(aU x B)-V*(aSVT) 

-V.(aQ(VT x B)). (6) 

From equation (6) we see that the velocity field U, the 
magnetic field B and the temperature T have an 
influence on the induced potential. The introduction of 
theoretical simplifications allows the performance ofan 
idealized probe to be analysed. 

2.3. Sensitivity of the probe 
With a constant temperature field, T, equation (6) 

reduces to 

V*(oVV) = V*(dJ xB). (7) 

For the sake of simplicity a spherical permanent 
magnet is introduced instead of a cylindrical one. 
Superposition of a parallel and a dipole flow results in a 
potential flow around a sphere. The condition that the 
radial velocity component disappears on the surface of 
the sphere allows the strength of the source and sink of 
the dipole to be determined. Assuming that the field B is 
not disturbed by secondary currents [4], i.e. j = 0 and 
therefore rot B = 0, B is a potential field. Now with two 
potential fields, B and U, it is possible to modify equa- 
tion (7). The RHS of (7) will disappear when 0 is 
constant and the operation ruie for vectors is followed : 

V.(UxB)=B(VxU)-U(VxB). (8) 

Since the velocity U is not a continuous function at the 
surface of the magnetic sphere, partial integration 
leaves one term on the LHS of equation (7). With 
continuity of the normal component of the electric 
current on the surface of the magnetic sphere we find for 
the potential V at any point r’ 

1 
I’@‘) = (r3 

I 
s Go,(U x B)n ds. (9) 

For potential flow around a sphere and with crN = CT 
= constant, it is possible to integrate equation (9). 
Where G is Green’s function on the surface of the sphere 
[lo]. The potential flow around a sphere has the form 

Cl11 

Y = U;R,*r + $.&*r. (10) 

The components of the magnetic dipole are [ 121 

B,=$sinBcos4 (lla) 

B,= +osDcosc#~ (1lW 

B, = 5 sin C#J. (1 Ic) 

Integrating equation (9) with the components of U and 
B one can find an expression for the difference of the 
electric potential between any two points r’ and r” when 

B, = 2p/R3: 

V(r”)- V(r’) = +U,B,R sin B. sin &. (12) 

The potential difference in equation (12)depends on the 
angle of incidence of flow at the probe surface (Fig. 2) 
and on U,, B,, and the radius of the spherical 
permanent magnet, R. If the main flow direction is 
normal to the direction of the magnetic field and also to 
the line between the two sensing elements, then sin B0 
and sin& are both equal to unity. The theoretical 
sensitivity of the probe can be calculated to be 31.3 
x lO-‘j V s m-‘, with this geometrical configuration 

(B, = 1000 G). The probes give experimental values of 
about 30 x 10m6 V s m- r. The good agreement between 
the two values is accidental, since the theoretical 
simplifications and assumptions for the calculations 
are very restrictive. 

Equation (9) is valid for any velocity field and for any 
point around the spherical probe. It has been found 
Cl33 that the probe is sensitive to only one velocity 
component, if the electrodes are positioned exactly as 
shown in Fig. 2, i.e. symmetrical with respect to the 
centre of the volume and on an axis normal to the 
direction of magnetization. In addition, the probe 
output is a function of the cosine of the angle of 
incidence-a fact which was also found by Ricou and 
Vives [4, 133. 

2.4. Linearity of the probe 
When discussing the linearity of the probe, the 

influence ofthe magnetic field of the probe itself and the 
influence of the induced magnetic field on the velocity 
field have to be considered. The magnetic Reynolds 
number (Red is defined by 

Re, = ~L~L~U,. (13) 

It represents the ratio of the induced field to the field of 
the magnet itself [12]. For Re, cc 1 the influence of the 
induced magnetic field can be disregarded. 

The strength of the magnetic field of a spherical 
dipole decreases with the third power of the distance 
from the surface of the magnet [ 121. At a distance of 5R 
from the surface, the field is weak enough not to disturb 
the turbulent structure of the flow. Taking this distance 

-Y 

FIG. 2. Scheme of probe with spherical magnet. 
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as the radius of a sphere characterizing the area of 
influence of the magnet’s field, the characteristic length 
L, in (13) is 12 times the radius of the magnetic sphere 
(L0=12R).With~=4~x10-‘VsA-‘m-‘,o=7.5 
x lo6 R-i m-l and U, = 1.0 m s-i, a magnetic 

Reynolds number Re, = 0.057 is obtained. This means 

that the induced magnetic field can be neglected in the 

area where the field of the permanent magnet can have 
an influence on the turbulent flow structure. The same 
result was found in the dissertation of von Weissenfluh 

c131. 
The induced current in the conducting liquid metal, 

together with the magnetic field, produce a force acting 
opposite to the direction offlow [8]. In the present case 
the specific work (N m- ’ s ‘) as a function of distance 

from the surface of the magnet is compared with the 

kinetic energy of the flow. The induced electromagnetic 
force is proportional to the velocity and to the square of 

the magnetic field : 

F=jxB=o(ExB+(UxB)xB). (14) 

When evaluating the magnitude of F in equation (14), 
only the second term on the RHS has to be considered, 

as it is the largest term in the equation. The first term on 
the RHS is opposed to the second. Again considering a 
spherical permanent magnet the term (U x B) x B of 

(14) is approximated by the integral 

s 

+ ’ ;‘2 
A= aU,B,B,r d+ (15) 

PT.‘2 

The velocity direction is almost normal to the magnetic 

field all along the magnet, considering again a potential 
flow around a spherical probe. Equation (15) is 

thereforejustified and can be evaluated for comparison 

with the kinetic energy (K) of the flow: 

(16) 

K = (p,/2)U2. (17) 

The values in the Table 1 have been calculated for the 
two mean velocity values of 1.0 m so ’ and 0.01 m s- ‘, 

without considering a velocity reduction in the 
boundary layer. The ratio A/K is proportional to l/U, 
i.e. the smaller the velocity the higher the influence of 
the induced electromagnetic force. These results show 
that one has not to expect the probe to work linearly 
below velocities of 0.01 m s i. A velocity resolution of 

Table 1. Relative influence on flow by the induced magnetic 
field 

A/K A/K 
rlR U= l.Oms~’ Ii = 0.01 m s ’ 

1.0 0.17 17 
1.5 0.0167 1.67 
2.0 0.0037 0.37 
3.0 0.0005 0.05 

0.01 m SC’ is set by the measuring equipment, this 
making it impossible to demonstrate the non-linearity 
of the probe experimentally. 

2.5. Thermal influences 
In an analogous procedure to that of Section 2.3, the 

velocity field U is now put to zero. The Poisson 
equation (6) then reduces to a temperature-dependent 

form : 

V*(eVI’) = -V.((rSVT+oQ(VTxB)). (18) 

By the use of Green’s function [lo] it is possible to find 
the general solution of equation (18) [ 131. It is clear that 
both thermal effects can be treated separately : 

W’) = & oVG(SVT+Q(VT x B)) dvol. (19) 

Thermoelectric potential 
The thermoelectric effect consists of the electrical 

potential difference between two points of an electrical 

conductor at two different temperatures. It is 
dependent on the temperature and on the material of 
the conductor. The thermoelectric potential is 
superimposed on the induced velocity potential and 

has to be eliminated to obtain proper velocity 
measurements. If the velocity measurements are made 

in areas without large temperature gradients the 
temperature dependence of the thermoelectric coef- 
ficient does not need to be considered, because of its 
small variation with temperature. The evaluation of 

equation (19) is not easy, but it is possible to make some 
simplifying assumptions about the temperature field. 

For a spherical magnet, a linear spatial temperature 

gradient and a thermoelectric coefficient S, equation 

(20) has been derived [ 131: 

V(r”) - V(r’) = S( T(r”) - T(r’)). (20) 

Thermomagnetic potential 
In electrical conductors many different thermomag- 

neticeffectscan bepresent [15]. For this probe themain 
influence is due to the Ettinghausen-Nernst effect, 
which occurs in magnetic fields where there are large 
temperature gradients. With a temperature gradient in 
the y-direction, an equation similar to (20) is found if the 
two points with the potential sensing elements lie 

symmetrically about and opposite to the centre of the 
magnetic sphere and the line joining them is normal to 
the direction of the magnetic field [13] (see Fig. 2). 

V(r”) - V(r’) = Q g Bd. 

Since the Ettinghausen-Nernst factor, Q, is much larger 
for permanent magnetic material than for sodium, the 
influence of the magnetic material on the velocity 
measurement is considered. The Q coefficients of the 
rare-earth elements are not known by the author, and 
so an estimate of the thermomagnetic effect has been 
made using the Q factor of nickel. For a temperature 
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gradient of 200°C m- ‘, a magnetic field of B = 4000 G. 
Q(nicke1, 35°C) = 1.0x lo-” V ‘C-l G-l and 
d = 0.001 m, a value of 0.08 x 10e6 V, is found for the 
Ettinghausen-Nernst effect. This potential difference is 
too small for it to be considered further. 

2.6. Potential equations 
From the discussion of the Poisson equation (18) it 

becomes obvious that it is not possible to calculate 
theoretically the potential difference between the two 
sensing points of the probe as a function of the velocity. 
It will be necessary to evaluate the calibration factors 
by experiment. Following the previous argument the 
potential difference for the present probe is the resultant 
of velocity and temperature components. Equation (22) 
is severely simplified since the general equations for the 
potential [equations (9) and (19)] show that it depends 
on the detailed definition of the velocity and 
temperature fields. In (22) only first-order effects are 
considered 

I’@“)- V(r’) = cUBoR + SAT. (22) 

Using the notation of Fig. 3 it is possible to develop the 
potential equations for the permanent magnet probe as 
follows : 

v,, - v,, = S,(T, - T3) + S,(T,- Tz) 

+S’,(Tz-7’l)-C,Ui (23) 

J&-v,, = S,(T,-T,)+S,(T,-T,) 

+S,(T’-7’l)-C,Ui. (24) 

Assuming that the temperature differences between 
the two electrodes of each thermocouple are approx. 
zero : 

AT1 N AT, N 0. (25) 

The constants C, and C, in equations (23) and (24) 
become equal (C, = C, = C). With this simplification 
the calibration procedure reduces from two constants 
to a single value, C. 

Velocity components 
When both amplifier connectors are at the same 

temperature, T3 = T4, an equation for the velocity 
signal can be found from equations (23) and (24) 
(abbreviations are found in the nomenclature list) : 

CU, = [(S,-S,)AI/,-(S,-S,)AVJ/(S,-S,). (26) 

FIG. 3. Scheme ofconstructed probe with temperatures(T) and 
electrical potentials (V). 

The constant C has the function of an inverse 
calibration factor in this equation and the method of 
determining C is described later. S, and S,, the 
thermoelectric coefficients of the alumel and chrome1 
electrodes, are material constants. It is possible to 
calculate an equation for the mean square value of the 
velocity fluctuations, splitting the variable quantity 
into a mean and a fluctuation component (P = V + u) : 

C*2 = [@(S, - S# - 2Au,Au, (S, -S,) 

x (S, - S,) + Au: (S, - SY]/c(S, - S,)?. (27) 

Temperature 
The mean temperature signal can be found, using the 

simplification of equation (25) 

T3 - Tl = (v,, - v,,)/(S, - S,) (28) 

T4 - T2 = (v,, - VJ/(S, - S,). (29) 

Since T3 = T4 = constant, equations (28) and (29) are 
also valid for temperature fluctuations [13]. 

Turbulent heatjux 
The correlation function of the velocity and - 

temperature fluctuations, uiB, is called turbulent heat 
flux. Its equation is calculated from the potential 
equations (23), (24) and (28), (29) : 

- AulAu, 2 - SN-s, ~- 
cuiel = (S,-S,) (Au, -Au, Au,) (s, _ s,)z (30) 

- Au2Au, 
cuiez = (S,-S,) 

- 7 s,-s, 
- (A~,A~,-Au+-+. (31) 

3. CORRECTIONS AND CALIBRATIONS 

In equations (26), (27) and (30), (31) the velocity signal 
has been corrected for the influence of a possible 
temperature difference at the probe tip. This difference 
occurs only in non-isothermal flows (i.e. unheated or 
uncooled). To compensate for this effect it is necessary 
to measure two potential differences simultaneously for 
thevelocityfluctuations(Au,, AuJand three for the heat 
flux components (Au,, Au,, Au,). 

The presence of the probe itself influences the 
thermoelectric potential difference between the two 
electrodes in contact with the Sodium (19). 
Consequently, the thermoelectric coefficient which 
should be used is not exactly that of pure sodium. The 
real value Sg has to be determined experimentally from 
the difference between the probe signals for unheated 
(isothermal, i) and heated (non-isothermal, ni) flows at 
equal velocity : 

It is also possible to determine the value of Si from the 
velocity fluctuations [13]. The important feature of 
these measurements is that the temperature is a passive 
scalar. This means that the temperature differences 
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have to be small enough not to influence the velocity 
distribution through natural convection. 

3.1. Dynamic corrections 
Dynamic corrections are associated with the spectral 

distribution of the measured fluctuations of velocities 
and temperatures. The four main reasons for these 
corrections are : 

(a) The fluctuations of the turbulent flow are 
disturbed by the physical presence of the probe. 

(b) The induced electromagnetic force acting 
opposite to the direction of flow reduces the magnitude 
and frequency of the turbulent velocity fluctuations 
around the probe, due to damping. 

(c) The probe measures averaged velocity and 
temperature over a small volume of liquid metal, 
instead of point values. 

(d) Finally the transfer function of the probe itself, 
including inertia effects, influences the results. 

After having corrected for the transfer function of the 
amplifier/filter chain, the influences (a)-(d) are 
combined in one function, H(f). The same general 
procedure is valid for both velocity and temperature 
measurements. Letting Z(f) be the Fourier transform 
of the measured signal z(t) and X(f) be the Fourier 
transform of the effective signal x(t), the following 
equation is valid [ 163 : 

Z(f) = wwu-)X(f) (33) 

F(f) is the transfer function of the amplifier/filter chain 
and H(f) is the transfer function of the probe. The auto- 
spectral density (ASD) function is then [ 161 

E*(f) = IWf)121W)lZ~,(f). (34) 

F(f) is known from the data sheets of the 
manufacturers of the amplifiers and filters. It is 
computed at each data point. H(f) is obtained from the 
comparison of experimental data and other spectral 
measurements. These measurements are the best which 
can be found in the literature of turbulent structure 
research. Adopting this procedure it is possible to 
modify the present measurements by using the results 
from methods with better spectral resolution [13, 171. 

It is possible to obtain a simple solution for the 
correction function H(f) to a first-order approxima- 
tion, after the measured signals have been corrected by 
F(f) and the modifying procedure above has been 
introduced : 

s a’ E,(f) 
---ddf= 1 and 

0 2 s 
‘yd/ = 1 (35) 

0 

E,(f) = ,F(f),2 E,O = Iff(f)]'E,(f) (36) 

s u, J%(f) _df= z s ffiE”odf.=p2(f) 
0 jH(f)12W2 w2 0 x2 

(37) 

(38) 

Assuming that for small frequencies IH(f = 1, 

4v(fYw2 x2 p2 
-=== 

E,(f)/7 w* ’ 
(39) 

In equations(36)-(39) w* is the mean square value of the 
measured signal corrected by the transfer function of 
the amplifier/filter chain (36). The dimensionless 
wavenumber (kD) is introduced when calculating the 
value of P2. In dimensionless wavenumber form the 
spectral distributions of velocity fluctuation measure- 
ments in different fluids can be compared [18]. A 
constant, P, will be included in the calibration factor. 

The product of the probe transfer functions for the 
velocity H,(f) and the temperature H,(f) appears in 
the equation for the cross-spectral density (CSD) 

function of the turbulent heat flux ui6 : 

J2y.f) = H:(f)F,*(f)H,(f)F,(f)E~(f). (40) 

H:(f) and F:(f) are the conjugate complex transfer 
functions of the velocity signals and the corresponding 
amplifier/filter chain. The full form of the correlation 
coefficient is defined as 

s cc 

R, = 
Ex,(f 1 

0 wxf Mf W,(f F,(f) df 

x ( j:sdfj-'"( J;$$$dfj-1'2. 

(41) 

The transfer functions of the amplifier/filter chain for 
velocity and temperature signals are approximately 
equal. The transfer function of a low noise signal 
transformer (Fig. 4) is dependent on the input 
impedance. These impedances are not too different for 
the velocity and the temperature probes. The product 
FYJ(f)F,(f) is then approximately real. The transfer 
function of the velocity signal of the probe, is real 
because the damping of the signal is a result of volume 
averaging and not of inertia effects [4]. The transfer 
function of the temperature signal is likewise assumed 
to be real at lower frequencies. The energy part of the 
CSD-distribution lies below 1 in a dimensionless 
wavenumber representation [ 17, 181. The important 

Signal 
Transformer Amplifier Notch - Falter 

FIG. 4. Filter/amplifier chain for recording fluctuation signals. 
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temperature fluctuations for the correlation origfnate 
at frequencies below 10 Hz. Equation (41) reduces to 

(42) 

3.2. Calibration 
As mentioned earlier the experimental calibration of 

a probe is necessary, in order to include the effects of 
other influences not yet considered. These are, for 
example, the exact form of the magnetic field, the 
contact resistance between sodium and the electrodes 
and losses by electric conduction at the tip of the probe. 

Velocity calibration can be performed in different 
ways. 

(a) The axial velocity probe is positioned at the centre 
of a pipe. The voltage output of the velocity signal is 
then measured at different Reynolds numbers in 
isothermal flow. There is no velocity or temperature 
gradient to influence the measurements in such a 
procedure. The Reynolds number is normally related to 
a bulk velocity. Thus the velocity U,, is measured in 
the centre of the pipe with the ratio Ubu, L/U,_ being a 
function of Re [S]. 

(b) The profile in the pipe is measured with an axial 
velocity probe. Integrating the profile and comparing it 
with the flow rate will give the calibration factor. 

(c)The third procedure is not an absolute calibration 
method. It consists in comparing themeasured velocity 
fluctuations with measurements in other fluids and 
with the results of other methods to give a calibration 
factor. Since the probes should work linearly down to 
velocities of a few cm s-l, approximately the same 
calibration factor should result as in the other two 
cases. This method enables one to calibrate the 
transverse probe without having a mean transverse 
velocity component. 

The temperature calibration is not discussed here, 
because it is based on the well-known technology of 
thermocouples. 

4. RESULTS 

4.1. Test section and measuring equipment 
The measurements were carried out in a small 

sodium test-loop (with 42 dm3 of sodium) which had 

previously been used by Fuchs [S] and Bunschi [19]. 
The test section was of circular cross section with an 
inner diameter of D = 0.0030 m, a total length of 1.80 m 
(600) and a heated length of 1.44 m (480). The liquid 
sodium flowed upwards in the vertical test-section and 
the two probes were inserted from the top, through a 
positioning head [ 131. 

Different measurement and recording equipments 
were used for the mean and fluctuating components of 
the velocity and temperature signals. The mean values 
were measured by a Keithley nanovoltmeter (M 148) 
and a two channel paper-tape recorder. The fluctuation 
data were processed record-by-record by a CAMAC 
controller before they were written to magnetic tape 
(4096 words/record). The maximum sampling rate was 
1000 s- i. The amplifier/filter chain for the velocity and 
temperature fluctuation signals is shown in Fig. 4. 

4.2. Calibration 
All three calibration methods of Section 3.2 were 

applied to the data obtained from the probes. The 
results are listed in Table 2. The two calibration 
procedures for the mean values of the axial probe show 
good agreement. The difference between profile 
integration and the fluctuation calibration method is 
due to damping and to large differences in the velocity 
fluctuation data given in the literature, which are used 
by the method. 

4.3. Velocity and temperature profiles 
Figure 5 shows the turbulent velocity profiles in 

sodium pipe flow at Re = 40,000. For comparison the 
theoretical velocity profile of Reichardt [20] is shown 
with the measured profiles of isothermal and heated 
(Qwa,, = 20.0 kW m - ‘) sodium pipe flow. The deviation 
from the theoretical profile is less than 5% for r/R < 0.8. 
The largest difference is found near the wall. This is 
consistent with the assumptions in the theoretical 
model for the influence of the flow field around the 
probe. In the neighbourhood of the wall, the flow 
surrounding the probe is severely disturbed and, in 
addition the volume of integration is reduced. The 
velocity profiles of Eyler [18] and Hochreiter [21] in 
mercury agree very closely with theory. The agreement 
between the measured velocity profile for heated and 
isothermal flow is good, when correction is made for the 
influence of temperature. 

Table 2. Calibration factors 

Method 
Calibration factor 

x10-4Vsm-’ Re 

Axial probe 

f UG 
Inteeration of orofile 

0.35 +0.01 Oto80x103 
0.34 40x 103 

Integration of profile 
Fluctuations 

Transverse probe 
Fluctuations 

0.35 80 x 103 
0.31 40 and 80 x lo3 

0.28 40and80x103 



1570 THOMAS VON WEISSENFLUH 

FIG. 5. Velocity profiles in pipe. A [18], mercury, Re = 50,000; A [21], mercury, Re = 50,000; + [20], 
theoretical Re = 40,000; 0 present data, sodium, Re = 40,000, isothermal; l present data, sodium 

Re = 40,000, heated q,_,, = 20.0 kW m-2. 

The temperature profile is compared with the results 
of Fuchs [S] in Fig. 6. It is possible to eliminate the 
dependence of temperature profile on wall heat flux by 
normalizing the local temperature difference (T- T,) 
relative to the temperature difference between pipe wall 
and centre (T, - T,). The agreement between the 
temperature profiles of Fuchs and the present data is 
within experimental accuracy. 

4.4. Velocityfluctuations 
Figures 7 and 8 show the fluctuation profiles of the 

axial and radial velocity components measured in the 
pipe. Since the data for the velocity fluctuations given in 
the literature differ by k 20% [lS, 21-25) the measured 
profiles show large differences when compared with 
data from the literature. 

The axial velocity fluctuations are shown in Fig. I. 
The present data have higher values than the 
measurements in air [22] and mercury [21, 23,241 in 
the region 0.5 < r/R < 0.8. Values at the pipe centre are 
the same because the calibration was baaed on 
agreement at this point. For r/R > 0.8 the present data 
decrease, although the other measurements show 
increasing values up to r/R = 0.9. The reason for this 
characteristic deviation is the nearness of the wall, 
influencing the output of the potential probe. 

Figure 8 shows the profile of radial velocity 
fluctuations. The present data are in close agreement 
with those given for comparison. For 0.8 < rfR < 0.95 
the data found in the literature are contradictory [18, 
223. The present data show a decrease for r/R > 0.8 
which is due to the proximity of the wall. 

T-T 0 
T,- To 

.8. 

.6. 

.4. 

.2. 

r/R 

FIG. 6. Temperature profiles in pipe. + [S], Re = 40,000; 0 present data, Re = 40,000 
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.8 

.4 

0 r/R 
0:1 0.5 

FIG. 7. Axial velocity fluctuations. A [18], mercury, Re = 50,ooO; q (223, air, Re = 35,000. + [25], air, 
Re = 50,ooO; 0 present data, Re = 40,000. 

The ~imuth~ veiocity component and the 
temperature fluctuations are not shown for the reason 
of limited space. The corresponding spectral distri- 
butions of the temperature and all the velocity 
fluctuation components are presented and discussed in 
the dissertation of von Weissenfluh [ 13). 

The correlation comment ofthe axial turbulent heat 
flux is shown in Fig. 9. The results of Bremhorst and 
Bullock [23] for air, and Eyler’s measurements in 
mercury [ 181, are also shown for comparison. The data 
of Eyler agree with the magnitude of the values of the 
present data but not with the shape of the radial 
distribution. Thecorrelation coefficient for air appears 
to be higher than for sodium. Hochreiter’s data [21] are 

omitted since they lead to a coefficient with values up to 
three and with negative sign. 

The correlation coefficient for the radial turbulent 
heat flux is shown in Fig. 10. For constant wall heat flux 
and variable Reynolds Number different distributions 
of the coefficient are found for r/R < 0.4 and r/R > 0.4. 
With higher Re (80,000) the value of Rs- decreases 
towards the centre of the pipe (r/R < 0.4), while in the 
outer part of the pipe (r/R > 0.4) the correlation 
coefficient increases, compared with the values for Re 
= 40,000. The radial correlation coefficient calculated 
from the data of Fuchs [S] and Bunschi [ 191 decreases 
with increasing velocity over the whole pipe radius. The 
measurements in air taken by Ibragimov [26] show 
decreasing R,Tand R,Twith increasing Re at all radial 
positions in a pipe. 

1.6. 

.4. 

0 r/R 
011 0:5 

FIG. 8. Radial velocity fluctuations (symbols as Fig. 7). 
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0 

A 

0 
.31' A 

0 A 
A 

2, 
r/R 

0:1 0.5 

FIG. 9. Correlation coefficient for axial turbulent heat flux. + [S, 193, sodium, Re = 40,000; x [S, 191, sodium, 
Re = 60,000; A [18], mercury, Re = 50,000; 0 [23], air, Re = 34,700; v [26], air, Re = 32,500; 0 present 

data, sodium, Re = 40,000; 0 present data, sodium, Re = 80,000. 

5. CONCLUSIONS 

When the characteristic dimensions of the flow 
geometry are much larger than those of the probe, the 
results obtained with the potential probe are of 
acceptable accuracy, though the spatial and spectral 
resolutions of hot-film anemometers have not been 
achieved. However, this appears to be a valuable 
method of obtaining information from turbulent liquid 
metal flows. If natural convection has an influence on 
the velocity distribution it is important to make 
correction for the temperature difference between the 
two sensing points of a magnetic potential probe. 
Nevertheless the probe produces reliable results only if 
the spatial temperature distribution is approximately 
linear in the vicinity of the probe. 

Deeper understanding is needed of the physical 

effects that determine the frequency dependence of the 
probe transfer functions, in order that probe calibration 
can be improved. Probe size has to be increased if it is 
required to use a permanent magnet material that can 
resist higher ambient temperature without damage. In 
this case it is possible to obtain the same velocity 
resolution but the frequency resolution is reduced. 
Thermocouples with three electrodes, two for the 
temperature measurements and one for the velocity 
component connected to the shielding of the 
thermocouple showed less sensitivity to frequency. 
Therefore a probe constructed to operate at higher 
ambient temperature did not deliver results of the same 
quality as those produced by the rare-earth element 
permanent magnets with open-ended thermocouples. 

.6. 

.4. 

0 
r/R 

0:1 0.5 

FIG. 10. Correlation coefficient for radial turbulent heat flux (symbols as Fig. 9). 
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SONDES POUR LES MESURES LOCALES DE VITESSE ET DE TEMPERATURE DANS UN 
ECOULEMENT DE METAL LIQUIDE 

Resume-Une sonde a aimant permanent est d&rite pour les mesures locales de vitesse, de temperature et de 
fluxdechaleurpar turbulencedanslesmbtauxliquides. Lasensibiliteet lalinearitedelasondesont discuteeset 
les sources d’erreur thermotlectriques et thermomagnetiques sont estimees, car elles peuvent etre importantes. 
On trouve que dans les regimes d’tcoulement influen& par la convection naturelle, on doit corriger pour 
l’effet thermoelectrique. Des r&hats sur l’tcoulement de sodium liquide isotherme ou non-isotherme, a 
Re = 40000 et 4 (paroi) = 20 kW msz, sent present& et compares avec des donnees antirieures pour les 

metaux liquides et l’air. 

SONDEN FUR LOKALE GESCHWINDIGKEITS- UND TEMPERATURMESSUNGEN IN 
STRGMUNGEN VON FLUSSIGEN METALLEN 

Zusammeofassung-Es wird eine Permanent-Magnetsonde fur lokale Geschwindigkeits-, Temperatur- und 
turbulente Warmestrommessungen in fltissigen Metallen beschreiben. Die Empflndlichkeit und die Linearitlt 
der Sonde werden diskutiert und die thermoelektrischen und thermomagnetischen Fehlerquellen, da sie 
wichtig sein kiinnen, abgeschltzt. Es stellt sich heraus, dal3 bei Stromungen, die durch natiirliche Konvektion 
beeinflul.9 werden, eine Korrektur aufgrund des thermoelektrischen Effekts notwendig wird. Ergebnisse 
fiir isotherme und nicht-isotherme Strlimung von fliissigem Natrium bei Re = 40000 und q(Wand) = 

20,O kW m-’ werden vorgestellt und mit friiheren Daten fur fliissige Metalle und Luft verglichen. 
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)JATlIkiKM j@-Ul M3MEPEHMR JIOKAJIbHbIX CKOPOCTEfl M TEMI-IEPATYP B 
I’IOTOKE X@iflKOI-0 METAJIJTA 

A~TE~~~-o~~CbXBaeTC~ CTaU~OHap~b~~ MarH~THbI~ LIPTYAK Jlifll Si3M+WiK nOKanbHblX CKOpOCTeii, 

TCMnepaTyp II ryp6yneHTHblx TeRJlOEbIX UOTOKOB B XWItKUX MeTanJiaX. OEiCy~AaHtTCS YyBCTBMTeJZb- 

HOCTb AaT’ii?Ka H JiKHeiiHOclb er0 XapaKTepHCTHK, a TNCXCe OWHIIBafOTCR T’ZpMO3JICKTpWieCKHC M TCP- 

MoMarHtfTHbte MCTOYHHKU omw6or. HaiineHo, 'ITO np14 penHMax Teqetim Ha KoTopbIe oKa3bmaeT 

BJI&,lHUC cBo6onHar KOHBBKUHR, HeOEiXOAiiMO YWiTbIBaTb TCpMO3JICKTpHWCKRk 3+$‘ZKT. npe,!,CTaBneH- 

HbIe pe3ynbTaTM AJIR ti30TepMHqeCKOr0 H HeH3OTepMH~~CKOrO~NiMOB TVIeHBIl LAnKOr HaTPHR “PM 

Re = 4ooo0 ii, q (CTCHKW) = 20,0 KBT/M* CpaBHISBaIOTCK C JGUIHblMH, nOJIyYeHHblMrt paHee anR XM~KMX 

MeTannoBn 803nyxa. 


