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The results are given from numerical computations of the velocity and temperature 
fields in a magnetic-fluid sealing layer under one tooth of a cooled multistage 
magnetic-fluid seal. 

The use of magnetic-fluid (MF) seals in power-generating and industrial equipment is 
motivated by a number of advantages that they have over conventional sealing techniques [I]. 
The MF in a magnetic-fluid seal moves in the narrow clearance (6 = 0.1-0.2 mm) formed by the 
pole piece and the rotating shaft. The performance and time to first overhaul of the high- 
speed MF seal depends largely on the thermodynamic processes in the sealing layer [2]. The 
diagnosis of the hydrodynamic and temperature fields in a MF sealing layer is complicated by 
the small width of the working clearance and the capacity of the MF. It is particularly im- 
portant, therefore to consider numerical modeling of the thermo- and hydrodynamic processes 
in the working clearance of MF seals under conditions as close as possible to the actual work- 
ing environment. Studies of a one-dimensional model of the MF seal have been reported in a 
number of papers, in which data have been obtained on the velocity and temperature fields 
in a MF layer whose motion in the clearance obeys Newton's friction law. It is well known, 
however, that concentrated MF's exhibit non-Newtonian properties, even when the carrier 
liquid is Newtonian [3]. 

In the present article we investigate the thermo- and hydrodynamic processes in a multi- 
stage MF seal with magnetic-field concentrators in the form of identical teeth on the pole 
piece. The position of a tooth in the pole piece is specified by the conditions for the tem- 
perature at its boundaries. 
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Fig. i. Computational domain. I) Pole piece; 
2) magnetic fluid; 3) air; 4) shaft; R 0 is the 
radius of the cooling duct on the shaft, R i is 
the radius of the shaft, R 2 - R I = ~ is the 
working clearance, and Rs is the radius of the 
cooling duct on the pole piece; r and z are in 
m. 

We consider one tooth of a MF seal with cooling ducts on the shaft and the pole piece; 
the cross section of the seal is shown in Fig. i. It is assumed that the flow of the MF in 
the working clearance takes place in concentric circles situated in planes perpendicular to 
the axis of the shaft. The influence of the magnetic field H = H(r, z) in the clearance on 
the MF flow is taken into account entirely through the value of the dynamic viscosity T]. The 
curvature of the free surface of the MF layer and the asymmetry of the tensor of viscous 
stresses in the MF are disregarded. The medium filling the space 3 (Fig. i) is assumed to 
be inviscid; viscous dissipation is disregarded in it, and the velocity gradients in the MF 
layer along the normal to the boundary are assumed to be equal to zero. 

The variation of the temperature field in the computational domain is analyzed as a func- 
tion of the time for instantaneous stabilization of the velocity field, since the rate of 
change of the temperature field is several orders of magnitude smaller than the rate of change 
of the velocity field throughout the entire domain. 

We give the results of computations for the basic MF seal configuration and make special 
note of all deviations from the basic configuration. Following are the parameters of the 
basic configuration: R 0 = 20.10 -3 m; R i = 40"10 -3 m; 6 = 0.2.10 -3 m; R s = 70.10 -3 m; z i = 
0.25.10 -3 m; z 2 = 0.34.10 -3 m; z e = 2.10 -3 m, ~ = 45 ~ . 

The temperature dependence of the thermophysical characteristics are approximated by 
the general relation 

Hi = Ho~ [1 - .6Hi  (T -- To~)], (1) 

in which i = p for the density, i = c for the specific heat, and i = ~ for the thermal conduc- 
tivity. 

The thermophysical characteristics of the gas 3 and the materials of the shaft 4 and 
the pole piece 1 are assumed to be independent of the temperature; the following parameters 
are used for the material of the shaft and the pole piece (steel St3): %st = 48 W/m,K; PstCst = 
3.75.106 J/K,m 3, and for the gas (air); h a = 2.44.10 -2 W/m.K; PaCa= 1o29.103 J/K.m s. 

In light of the experimental results [3], the MF is assumed to be a pseudoplastic fluid, 
whose effective viscosity decreases with increasing shear rate. An analysis of exhaustive 
experimental data on the viscosity of pseudoplastic fluids shows that for large shear rates 
the spatial structure in the fluid is completely broken down by shear flow, and flow with 
a minimum viscosity Nmin that no longer depends on the shear rate is observed under isothermal 
conditions. This tendency has been observed [3] for a hydrocarbon-base MF at y ~ 103 sec -i. 
It is obvious that the minimum viscosity of a MF in a magnetic field cannot be lower than 
the effective viscosity of the MF at the same shear rates in the absence of the field. The 
experimental data of [4], which refer to a MF with the same hydrocarbon base, correspond to 
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Fig. 2. Friction torque of the MF seal vs 
shear rate in the working clearance for s 0 = 
~3 = 0, =l = ~5 = 103 W/m2"K, To = TI = Ts = 
20~ the magnetic fluid is the type MMt-60. 
i) K(~) ~ i; 2) K(~) + K(0)/K(?) = 4; 3) 
experimental [5]; Mfr in N.m; 7 in 10 4 sec -x 

a decrease by approximately one half in the effective viscosity in transition to the flow 
regime with minimum Newtonian viscosity. However, data obtained from a MF seal modified for 
measurement of the friction torque [5] evince a reduction in the effective viscosity by 
roughtly 75%. It must be noted at this point that the experiments of [5] were carried out 
without a reliable thermostatting system for the MF layer, and it was possible for the temper- 
ature dependence of the effective viscosity to contribute to the observed dependence of the 
friction torque on the shaft rotation speed. We use the data of [5] as the basis for numeri- 
cal modeling of the thermo- and hydrodynamic processes in the working clearance of the MF 
seal, and we assume the simplest kind of function 

= ~ (T) K (+), ( 2 ) 

in which ~(T) and K(~) are specified by approximate tables, where D(T) = B exp (A/T) [6] and 
K(~ = 0) ~ i, K(~ +-) e [0, I]. 

The hydrodynamic and thermal processes in the working regime of the MF seal (10 3 ~ ~ 
10 5 sec -x) are of the greatest practical interest in high-speed ssals, and so the MF is re- 
garded as a Newtonian fluid for the computations in the interval y < 10 3 sec -I. 

Under the stated assumptions and restrictions, the distributions of the MF velocity and 
temperature are determined from the respective equations 

0(0o) 0(0(+)) 0(+ 1 oz n-~F +-~; ~n T +2n ~ =o, (3) 

OT 0 ( x O T )  1 0 ( OT~ (Ovh2 , [ 0 ( ~ > ]  ~ 
pc 0~ -- Oz ~ + . . . .  Zr + ~ ~- n r ( 4 )  

-- r Or Or i -k az / 

subject to the velocity boundary conditions 

t > O ,  
and the temperature boundary conditions 

OY (Ro, z) = cz~ 

Or 

v~ = O, av (r, z~) 0 ( 5 )  
az 

(T (Ro, z) - -  T1), aT (R,~, z) _ ~z~ (T5 - -  T (Rs, z)), 
Or 

(6 )  

OT(r, O) _ % (T(r, O)--.To), OT(r, z3) a3 (To--T(r ,  zs)). 
Oz ~ Oz 

The problem (3)-(6) is solved numerically by a differencing procedure. A nonuniform 
rectangular rz computing grid is chosen in such a way as to guarantee a maximum 5% temperature 
error. 
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Equation (3) is approximated by the finite-difference scheme [7]: 

and Eq. (4) is approximated by the alternating-direction finite-difference scheme 

+ n a) pc T7 = 1-!-r (~rTT)" § (XT~-),-f- rl r -7 -  ; (8)  

b) pcTt= rl (~,rT 7)rq-(~'7)zq-n r - 7 - ' / ;  

where F, F, and ~ are the values of F at t, t + T/2, t + ~, respectively. 

In the solution of the system of different equations (7) with the boundary conditions 
(5) for a fixed viscosity field n k, a simple iteration procedure is used with velocity relaxa- 
tion at each node of the spatial grid according to the equation 

= + (I (9) 

where v is the velocity field obtained after simple iteration. The relaxation parameter ~v is 
stipulated by the condition of best convergence of the iteration process; this condition is 
presumed to exist when 

n ~,n-~l % ~ = m a x  Ivq - -  vq, [ < e~. 
i,] 

o 

After the velocity field v n+1 has been determined, the shear-rate field ~k+1 is determined 
and is used to find Kk+1(y) and then the viscosity field qk+1(T, y) for a fixed temperature 
field T TM. Next, the viscosity field is relaxed: 

--1~k+1 = (% + (l  - - ~ )  ~lq , 

and a test for convergence is made: 

h k+I 
e ~ h  ----- m a x  [1 - -  I]ii/l]i i t <  8~. (10)  

i , ]  

If condition (i0) is not satisfied, the system of difference equations (7) is solved again 
with the viscosity field qk+1(T, ~); otherwise, the resulting velocity field is taken as the 
solution of the difference equation (7) with the boundary conditions (5). The relaxation 
parameter (or] is stipulated by the condition of best convergence of the iteration process. 

In the solution of the system (8) with the boundary conditions (6), the temperature is 
relaxed at each node of the grid in conjunction with the double-sweep method (modified Gaus- 
sian elimination) along the coordinate r [Eq. (8a)] according to Eq. (9) with the relaxation 
parameter ~T" 

The time step is varied automatically to attain the required computational precision 
in T TM, on the one hand, and to diminish the computing time for the steady-state temperature 
field, on the other. 

The fundamental results of the numerical computations are shown in Fig. 2, from which 
it is evident that the bending of the friction-torque curve near 7 = 10 4 sec -I (curve 2) can- 
not be attributed entirely to the temperature dependence of the effective viscosity of the 
MF (curve i). The abrupt drop in the effective viscosity at y - 10 4 sec -I was absolutely 
unaccountable in [5]. A microscopic foundation for the "cutoff" of interaction between the 
MF and the external magnetic field under the conditions of a sufficiently high rotation speed 
of the field is given in [8]. This mechanism has been used to predict the drop in the effec- 
tive viscosity of a MF as a result of a decrease in the contribution of the rotational viscos- 
ity to the internal friction [9, i0]. We note that the combined influence of the shear rate 
and the temperature on the effective.viscosity affords a good description not only of the 
bend in the experimental curve 3 at 7 - 10 4 sec -I, but also of the bend at y - l0 s see -I. On 
the other hand, a definite quantitative disparity exists between the maximum and minimum ef- 
fective viscosities that have been obtained from viscometric studies, fitted to the computa- 
tional model, and evaluated according to the data of [5]. Clearly, additional viscometric 
tests at shear rates y - 10 4 sec -z are needed in order to obtain reliable information on the 
effective viscosity of MF's. 
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Fig. 3. Temperature profiles in the cross section 
z = 0 of the working clearance for W = 40 m/sec, 
~i = ~s = ~5 = 109 W/m2"K, TI = T5 = To = 20~ 
=0 = 0; the MF is the type MMt-60: H0X = 0.165 W/ 
m'K. i) K(~) ~ i; 2) K(7) + K(0)/K(=) = 4, Xa = 
48 W/m.K; 3) one-dimensional model; 4) Xa = 48 W/ 
m.K, ~0 = 10s W/m2"K; 5) ~0 = 109 W/m2"K; 6) ~ = 
60~ 7) ~ = 30~ 8) ~0X = 0.19 W/m.K; 9) H0l = 0.14 
W/m.K; T in ~ r - R I in 10 -2 mm. 

The maximum temperature in the working clearance of the MF seal is directly related to 
the value of the effective viscosity of the MF. 

Figure 3 shows the temperature profiles in the cross section where T(r, z) = Tma X. The 
profiles are shown without any dependence of the effective viscosity on the shear rate [K(~) 
i] and with K(0)/K(=) ~ 4. It is evident from the figure that the maximum temperature in 
the working clearance decreases by roughly one third when K(~) is taken into account. Also 
shown for comparison are the values of Tma x for other geometrical parameters of the MF seal 
and for various MF's. 

It must be noted that the thermal conductivity of the MF has the same influence as the 
viscosity on the value of Tma x in the working clearance, but this characteristic of the MF 
is known with sufficient accuracy [6]. 

The geometrical parameters of the MF seal, which have been varied in the computations 
in accordance with typical structures, essentially do not have any influence on the value of 
Tma x. A comparison of the values obtained for Tma x with the results of computations according 
to the one-dimensional model (Fig. 3) indicates the validity of the engineering procedure 
for the computation of Tma x according to the much simpler one-dimensional model, in which, 
however, the functions X(T), n(T), and K(7) must be taken into consideration. 

Thus, the failure to allow for either the temperature dependence or the shear-rate de- 
pendence of the effective viscosity of the MF leads to incorrect values of Tma x in the work- 
ing clearance of the MF seal in the computations. 

We also investigate the influence of asymmetry of the viscous stress tensor in the MF 
on the temperature distribution in the working clearance of the MF seal in laminar flow. The 
computations for an asymmetrical MF model in the quasiequilibriummagnetization approximation 
[8] have shown that the temperature fields in the sealing layer of a MF seal of the investiga- 
ted design are determined with a high degree of accuracy from computations according to a 
symmetrical model in which the effective viscosity of the MF is evaluated in the field H i V x 
v. The justification for this approach lies in the condition 8v/Sz << 8v/Sr, which holds in 
conventional MF seal disigns, so that the main factor contributing to viscous dissipation 
is the velocity gradient along the radial coordinate. 
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An analysis of the computed temperature field in the pole piece and the shaft shows that: 
i) large temperature gradients are observed only near the boundaries of the working clearance, 
and the wall temperature is practically equal to the coolant temperature at a distance -5 ml 
from the boundaries; 2) the profile in the cross section of maximum temperature depends on 
the width of the magnetic mirror and is close to the profile obtained according to the one- 
dimensional model, in which the energy equation contains a source to simulate the withdrawal 
of heat in the direction of the z axis; 3) in connection with heat withdrawal from the sealing 
zone along the shaft, the maximum temperature of the MF always occurs in the fluid layer and 
cannot exist at the boundary of the working clearance as stated in [ii]; 4) the temperature 
of the boundary of the working clearance can be measured with high accuracy by placing tempera- 
ture sensors on the solid boundaries of the MF layer in such a way as to bring the sensor 
into contact with the MF, because the total temperature difference between the clearance and 
the cooling ducts is insignificant, being equal to I0-15~ for v I = 40 m/sec. 

In conclusion we consider the conditions for the loss of stability of the laminar MF 
flow in the working clearance. Taking into account the geometry of the clearance space, we 
can partition the sealing layer into two regions: the region under the working tip of the 
tooth and the region formed by the sidewalls of the tooth (see Fig. i). An analysis shows 
that the flow under the tip of the tooth is close to Couette flow, so that we can make use of 
the well-known results on flow stability between concentric rotating cylinders. The threshold 
for the onset of Taylor instability in this case, under the assumption of an isothermal fluid 
and the absence of eccentricity, is given by the value of the modified Reynolds number Re* = 
(pv~/G)J6/4 equal to 41.17. After the inception of Taylor vortices and with the transition 
to more complex motions of the MF in the clearance, the maximum temperature must drop, be- 
cause the thermal resistance of the MF layer decreases. This raises the limiting rotation 
speeds of the shaft in the MF seal. 

Estimates of the number Re in numerical modeling under the experimental conditions of 
[5] for T = 20~ at the boundaries of the clearance, v = W = 40 m/sec, 6=0.2mm, R:=40~n, 
and p = 1800 kg/m 3 yield Re* = 27 with allowance for the function K(~). These estimates of 
Re* are obtained from the effective viscosity of the MF averaged over the entire clearance 
according to the expression 

Mfjr �9 1000 ~--= 
2,~R~ v 

where Mfr is the friction torque per millimeter along the MF layer. 

The values obtained for Re* are much lower than the critical value Rcr for an isothermai 
layer. Well-known results have been obtained from an investigation of Taylor instability of 
nonisothermal Couette flow for ordinary fluids [12], indicating a possible reduction of the 
critical number Rcr by approximately one half, i.e., to Rcr - 20. The value obtained for Re* 
in this case is close to the critical value. 

In the region under the sidewalls of the teeth, instability of the MF must set in at 
much smaller circumferential speeds of rotation of the shaft than in the region under the 
tips of the teeth. However, the influence of the onset of instability in this region on the 
maximum temperature in the clearance can be modeled by specifying a constant temperature equal 
to the temperature T O at the boundary z I of the region under the tip of the tooth. This case 
corresponds to the ultimate withdrawal of heat through the fluid along the axis of the shaft. 
Numerical computations show that Tma x is diminished at most by 15% under these conditions. 
It is therefore inopportune to analyze the flow stability of the MF in the region under the 
sidewalls of the tooth, owing to the inconsequential influence of heat transfer from the free 
surface of the MF layer on the maximum temperature in the working clearance. 

Thus, numerical modeling of the thermodynamic and hydrodynamic processes makes it possible 
to obtain detailed information about the structure of the hydrodynamic and temperature fields 
in the working clearance of a MF seal and to determine the limits of applicaiblity of cooled 
MF seals for the sealing of rotating shafts. 

NOTATION 

H, magnetic field; y, shear rate; G, dynamic viscosity; v, linear velocity; T, tempera- 
ture; Re*, modified Reynolds number; Mfr , friction torque; X, thermal conductivity; c, specific 
heat; p, density. 
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HYDRAULIC DRAG IN TURBULENT COOLANT FLOW IN A POROUS CABLE 

V. A. Babenko UDC 532.517.4+536.48 

The hydrodynamics and heat transfer in the cooling of ah electrical cable by radi- 
cal coolant filtration are studied. 

The constructional scheme of the cable is shown in Fig. i. There are two coolant chan- 
nels, of circular and annular cross section. Attachments that completely or partially cover 
the channel force the coolant to filter in the radial direction through the permeable struc- 
ture formed by the current-carrying strands, the porous insulation, and the supporting base. 

The model of a porous body with equivalent permeability, heat conduction, and heat liber- 
ation is used for mathematical modeling of the hydrodynamic and thermal processes in the per- 
meable structure. The current-conducting part is cooled on.account of heat transfer at the 
surfaces and intrapore heat transfer. 

The hydrodynamics in the heat exchanger is modeled using channel-averaged equations of 
mass and momentum balance. 

The momentum-balance equation is written for the tube 

d -*77,** * * * (i) (~TP~ u~ S, + PTST)---~a*2~a* 
dx* 

a n d  f o r  t h e  a n n u l a r  c h a n n e l  

d - , - , ~  * * * b* ( ~ u ~  s c + PcS~) = - - ~  2~b*--~c'2~c *. (2) 
dx* 

A. V. Lykov Institute of Heat and Mass Transfer, Academy of Sciences of the Belorussian 
SSR, Minsk. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 51, No. 3, pp. 375-383, 
September, 1986. Original article submitted May 5, 1985. 

1016 0022-0841/86/5103-1016512.50 �9 1987 Plenum Publishing Corporation 


