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Introduction. It is known [1, 2, 3] that the longitudinal end effect in lin-
ear induction pumps results in the developed pressure decrease and in arising of
pressure pulsation with double frequency of the power supply source. Different
methods of linear current load reduction at the inductor ends (grading), in par-
ticular, according to the linear law over one or two pole pitches [4, 5] are used
to improve pumps characteristics and to decrease the double supply frequency
pressure pulsation (DSF).

The DSF pressure pulsation and integral characteristics of the pumps with
single-stage grading of linear current load at the inductor ends over the pole pitch
length are analysed in this paper.

1. Main assumptions and the model scheme. The model scheme is
shown in Fig. 1.
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Fig. 1. Scheme of the model.

We take the following assumptions:

• the magnetic cores have the magnetic permeability µ = ∞ and the finite
length;

• the non-magnetic gap δ is constant over the inductor length and small δ � τ ,
δ � r r � τ , where τ is the pole pitch, r is the mean radius of the duct;

• the winding has half a number of turns at the inductor ends over the pole
pitch τ ;

• the duct height b is constant and small, the liquid metal is moving in the
direction of the x-axis at a constant velocity;

• the inductor shunting parts Lsh1 = Lsh2 = Lsh are introduced to take account
of the magnetic field shunting effect.
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These assumptions enable to solve the problem as a 1-D one with all electro-
magnetic field components depending only on x.

The linear current density (load) at the inductor surface is expressed in the
following way:

J1 = 0.5Am cos(ωt − αx1) 0 ≤ x1 ≤ τ,

J2 = −Am cos(ωt − αx2) 0 ≤ x2 ≤ 2pnτ,

J3 = −0.5Am cos(ωt − αx3) 0 ≤ x3 ≤ τ,

Then, using the Ampere law and the principle of magnetic flux continuity, we
obtain, similarly to [2], the following equations for the induction of the applied
magnetic field in the non-magnetic gap:

Bsh1 = Bsh2 = −Bmkr sin ωt; BI = (0.5 − kr)Bm sin ωt − 0.5Bm sin(ωt − αx1);

BII = krBm sin ωt + Bm sin(ωt − αx2); BIII = (0.5 − kr)Bm sin ωt − 0.5Bm sin(ωt−αx3),

where x1, x2, x3 are the coordinates counted from each zone origin, Am =
√

2Akw

is the amplitude of linear current load, A = mIw/pnτ is the linear current load,
m denotes a number of phases, I is the effective value of the current in phase,
Bm = µ0Am/αδ is the amplitude value of induction, kw is the winding coefficient,
l = 2pnτ + 2τ + 2LIII is the total length of the inductor, kr = τ/l, α = π/τ ,
ω = 2πf is the angular frequency.

2. Solution method and results’ analysis. If we assume that the
magnetic field from currents in the liquid metal and in the duct walls is much less
than the applied magnetic field (Rmes � 1), then the resulting magnetic field
will be equal to the applied one. Here Rme is an equivalent Reynolds magnetic
number, s denotes slip. The electromagnetic pressure in each zone and the total
electromagnetic pressure developed by the pump may be found similarly to [2] as:

pem/p0 − pem1 + p2fs sin(2ωt) + p2fc cos(2ωt), (1)

where

pem1 = k2
r(s − 1)(1 + ksh) + s +

[
k2

r(s − 1) + s(0.5 − kr) + 0.25
]
/pn (2)

is the electromagnetic pressure component independent on time,

p2fs = −k2
rkshαLsh + π(0.5 − kr)kr + (0.5 − kr)

[
krαLsh − π(0.5 − kr)

]
/pn (3)

is the pulsating component amplitude proportional to sin 2ωt

p2fc = k2
r(1 − s)(1 + ksh) +

[
0.25 + kr(kr − 1)

]
/(1 − s)pn (4)

is the pulsating component amplitude proportional to cos 2ωt,
p0 = σB2

mV fpnτ – base pressure, V f = 2τf – velocity of the travelling magnetic
field, ksh = Lsh/pnτ – magnetic flux shunting coefficient.

As seen from expressions (3) and (4), the amplitudes of the normalised DSF
pressure pulsation components are proportional to the electric conductivity of
liquid metal, to the square of magnetic field induction, to the active length of
the pump, and to the coefficients ksh, kr. The component changing as sin 2ωt is
proportional also to the velocity of travelling magnetic field and does not depend
on slip, while the component changing as cos 2ωt is proportional to the liquid metal
velocity.
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Fig. 2. Relative amplitude of the DSF pressure pulsation (a) and efficiency (b,c,d) versus slip.

Uniting pulsating components in (1) similarly to [2], we obtain the expression
for relative amplitude of the DSF pressure pulsation at the pump outlet:

δp2f = p2f/pem1 =
(
p2
2fs + p2

2fc

)1/2/
pem1 . (5)

Analysis of expression (5) shows that the relative amplitude of the DSF pres-
sure pulsation depends on the coefficient ksh, on the pole pairs number, on slip
and on the coefficient kr = τ/l.

3. Comparison of calculated and experimental results. Two an-
nular linear induction pumps (ALIP-1 and ALIP-2) were sodium tested at 230◦C
[3, 6], where one can find the pumps’ main data and the measuring equipment as
well. The experiments were carried out at 30 Hz for ALIP-1 and 30 and 50 Hz for
ALIP-2. For ALIP-1 the tests with and without grading were carried out at the
same power consumed from the network. For ALIP-2 the experiments with and
without grading were carried out at the same power supply voltage: U = 160 V
at f = 30 Hz and U = 250 V at 50 Hz. The single-stage grading was used in both
cases.

The relative amplitude of the DSF pressure pulsation for both pumps versus
slip s is shown in Fig. 2a. The experimental data are the averaged ones over five
piezoelectric transducers installed at the pump inlet and outlet.

Electromagnetic pressure was found as a sum of the pump developed pressure
and measured hydraulic losses obtained with the use of another pump. This figure
shows also the calculated data (curve 1 for a 1-D model according to obtained
expression (5) and curve 2 for a 2-D model [3]). For ALIP-1 the value of coefficient
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kr = 0.165 was defined experimentally according to themagnetic field induction
distribution with d.c. over the inductor length. Corresponding value Lsh = 4.4
mm is equal to the physically existing length of the shunting zones. For ALIP-2
Lm = 4 mm and kr = 0.165. As seen from Fig. 2a, calculated and experimental
data for the 1-D model fit satisfactorily at s ≥ 0.4, but there is a discrepancy in
the low slip region. The 2-D model fits well the experimental data.

The single-stage grading appears to be an effective way for decreasing the
DSF pressure pulsation in the ALIP. The DSF pressure pulsations were decreased
in both pumps in about 2 times comparing to the pumps without grading at slip
values s < 0.4.

Figs. 2b, c, d show the experimental data pump efficiencies versus the slip
at 30 and 50 Hz for single-stage grading and without grading. As seen from
Figs. 2b, c,d, the use of the single-stage grading results in the efficiency increase
up to 7% at s = 0.1–0.5 depending on the frequency and slip.

It should be noted that the use of the single-stage grading at the same active
power consumed from the network results in the applied voltage decrease by 17%
and in the consumed current increase by 11-12% in comparison with the winding
without grading in the studied range of slip.

4. Conclusion. The use of the single-stage grading of linear current load
at the inductor ends over the pole pitch τ results in the decrease of the DSF
pressure pulsation and in the pump efficiency increase in the low slip region up to
7% in comparison to the winding without grading.
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