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The temperature dependence of the shape of the surface of a drop of magnetic fluid 
in a uniform external magnetic field is studied, and temperatures corresponding to 
the extremum values of the elongation of the drop are found. 

It is known that the shape and surface area of a magnetic fluid drop strongly affects 
heat- and mass-transport characteristics. Therefore, in app:ications to heat- and mass-ex- 

change devices it is necessary to be able to calculate the shape of the surface of the mag- 
netic fluid at different temperatures. 

We study the temperature dependence of the elongation of a drop of magnetic fluid. The 
temperature dependence calculated here can be used to study a wider class of surface effects, 

We consider an isolated, magnetic fluid of bounded volume, placed in an external, uniform 
--9- 

magnetic field H0][z in the absence of gravity. Let the drop be heated or cooled so slowly 
that its internal temperature at each instant of time can be considered to be constant. We 

study the shape of the free surface of the drop as a function of temperature. 

Over a wide range of the parameters it can be assumed that inside the drop is established 

a uniform magnetic field [i, 2] 
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where Ul = 1 + M(HI)/HI, and e is the elongation of the drop (the ratio of the length along 
the symmetry axis of the drop to its width). Then for an arbitrary dependence of the equilib- 
rium magnetization M = M(H~) on the magnetic field, the surface of the drop can be found from 
the following expression [2]: 

C1 sgn (z')iI1 (Clr)[ dr 
z = 1/IPI~ ( e l f )  --- C 2 12 ( e l / )  -~- C9, 

(2) 

where the integration is carried out with respect to an interval in r for which the expression 
under the square root is positive; I v is a modified Bessel " 2 ~ functaon, ~ = ~o(M b -- Mu,,L~(2,~) 
is a dimensionless parameter, the subscripts u and b refer to the regions above and below 
the surface, respectively. The constants C: and C= are found from the condition that the 
volume V of the drop be constant. The elongation e of the magnetic fluid drop is determined 
by the single dimensionless parameter ]! = uoM2L/(2o), and the function e = f(Tl) monotonically 
increases and can be found from (i) and (2). If we take L = (V/2) ~/~ as a characteristic 
length, then for U > 50 one can put e = (2if) ~ within an error of a few percent and e = 
0.92y~ for 50~H~500 within an error of about 10%. A numerical study of the minimum of 
the second variation of the potential [3] shows that in the approximation (I) the surface 

of the magnetic fluid drop as given by (2) is stable~ 

We take the Langevin form [4] for the dependence of the equilibrium magnetization M: 

M ::= ~Fjf~{ s La (poHVjMs/(ks7)), La (x) -- cth (x) -- x -~, (3) 
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Fig. I. Dependence of the dimension- 
less temperature O* for which the ex- 
tremum value of the elongation occurs 
on the dimensionless parameters A2 and 
T. The numerals next to the curves 
refer to values of ~. 

and the ferromagnetic saturation magnetization M s as a function of temperature T is given by 

the Weiss law [5]: 

M s = M o V 3 ( I - T / O ) ,  T < O ,  (4) 

The surface tension of the fluid at temperatures ranging from the solidifying point up to 
the critical temperature T c is given by a relation of the Katayam-Gugenheim type [6]: 

~ = % ( 1 - - T / T c )  ~, k =  1.23. (5) 

The dependence of the volume V i of the carrier fluid (i = %) and of the solid ferro- 

magnetic particles (i = f) on temperature and pressure p is given by the empirical Tait 

formula [7]: 

\ - - l  /n T Vi/V o= (1---rZypp) , ~ =  ~(T), n.f = nT(T ), (6) 

where Vo is equal to the volume Vi at p = i atm, T = To. 

We first consider the temperature dependence of the elongation e = e(T) without taking 
into account thermal expansion, i.e., we put V = const, L = const. Then the elongation, ac- 
cording to (1)-(5), is determined by a set of four dimensionless parameters: 

e = f (n )  = f (A~n~ (A=, r O)), 

fI~ = 3 (1 - -T /O)La~(x ) / (1 - -T /Te  )k, x =  A2] /3 (1 - -T /O) /T ,  

(7) 

where 0 -- T/Tma X is a dimensionless temperature, Tma x = min(@, Tc ) is the maximum value of 
the temperature for which the magnetic fluid has both a magnetization and surface tension 

= Tc/@ is the ratio of characteristic temperatures of the magnetic fluid, A I= ~0L~M~/(2o0) 
is a dimensionless length of the magnetic fluid drop, A2 = ~oHVfMo/(kBTma x) is a dimensionless 
magnetic field. 

Numerical calculations done with the help of (I), (2), (7), show that when the tempera- 
ture T is changed, the surface of the drop changes in a different way for the following three 
types of magnetic fluids: i) the fluid has a high critical temperature T c >I.230 , for 
example, iron or magnetic in mercury; 2) the critical temperature T c is much higher than the 
Curie ferromagnetic temperature | c<1.23@ , for example, nickel in water~ 3) the most 
typical type of magnetic fluid in which T c <@ , for example iron, magnetite, or cobalt in 
water or alcohol. 
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Fig. 2. Change in the elongation of a small drop of a weakly 
magnetic fluid, de/dL (l/m) with increase in the volume, as a 
function of temperature ~: a) m = 1,5; b) T = 1,05; c) T = 
1/1.05; the numerals labelling the curves refer to the values 
of A2, The parameters ~, T, A~, A2, earedimensionless, F~l 
mm s, Mo = 2.82"10 ~ A/m, ~ = 2,5"i0 -2 N/m, ~f=1,56 I0-~ 

A drop of magnetic fluid of the first kind (high critical temperature) contract when 
heated (ioe., the elongation e goes down) for any magnetic field. 

For a magnetic fluid of the second kind (I < m < k) there exists a critical value of the 
dimensionless magnetic fluidA2ma(m )~2/(|/3(k/T-l))~2/(V3(k- I))~5.02 such that for a magnetic 
field above this critical value (A2 > A=ma), the drop at first elongates with increasing tem- 
perature and then contracts; the temperature at which the maximum value of elongation is 
reached ~*=@*(Ai) increases with increasing magnetic field (Fig. I). 

In very strong magnetic fields (A= + ~) in expression ~*z(k--m)/(k--l) is valid and 
the drop has the maximum elongation at a temperature T*=(k@--T c )/(k--l) . For a magnetic 
fluid of the second kind the temperature corresponding to the maximum elongation of the drop 
varies in strong magnetic fields within wide limits: from the solidifying temperature of the 
fluid (T* § 0 when m § k) to the Curie ferromagnetic temperature (T*-+O for T-+i+0) In 
a magnetic field below the critical field (A2 < A2ma) the drop contracts for all values of 
the temperature when heated. 

In magnetic fluids of the third kind (T c <@) there exists a critical value of the 
magnetic field A~mi(m )~2/(V3(k-T))~2/(V3(k-I))~5.02 such that for large magnetic fields 
(A2 > A=mi) the magnetic fluid drop elongates with heating at any value of the temperature, 
In weaker magnetic fields (A2 < A=mi) with increasing temperature the drop at first contracts 
(for ~<~*), then (for 9>~*) elongates. The temperature ~*(A~) at which the minimum 
elongation of the drop is reached decreases with increasing magnetic field (Fig. !). 

For the typical magnetic fluid (type 3), where M S = 27 kA/m, 0 = 1.37"103 kg/m 3, o = 
0.05 N/m at T = 20~ [4], the critical dimensionless magnetic field has the value A2mi = 2,89 
whidh for magnetite particles of volume Vf = 5.10 -23 m 3 corresponds to a critical field H = 
1.45.103 A/m. A drop of WM-27 of volume 0.i cm 3 for this value of H increases in elongation 
by 9% upon heating from 20 to 100~ (Fig. 2). 

We calculated the temperature dependence of the shape of a drop using (1)-(6), with 
account of thermal expansion as given by (6) for several typical materials. The temperature 
T*, corresponding to the extremum value of the elongation of the drop calculated with the 
effects of thermal expansion (6) included, changed by less than 20 ~ from the T* calculated 
without (6) (Fig. !). The inclusion of thermal expansion (6) in determining T* is important 
only in magnetic fluids with Tc/@~2 ; with the inclusion of (6) the same dependence T* = 
T*(A2) on magnetic field obtains; a magnetic fluid drop of the first kind contracts upon 
heating for all magnetic fields, in a magnetic fluid drop of the second kind ~*=#*(A2) in- 
creases with increasing magnetic field, etc, 

From the numerical results, we can make the following conclusions, 

i. The temperature T* corresponding to the extremum value of the elongation of a magnetic 
fluid drop with T c not very high (T c /0<~2 ) can be calculated without taking into account 
thermal expansion. 
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2. Magnetic fluids for which Tc <O (iron, cobalt, magnetite in alcohol or water) 
are the most sensitive to changes in temperature; the least sensitive are magnetic fluids 
with a high critical temperature (T c >1,23@). 

3. Magnetic fluids having e = e(T) most sensitive to the magnetic field strength have 

Tc <@ 

4. The basic features of the temperature dependence of the elongation of magnetic fluid 
drops (the characteristic decrease and increase for the three types of fluids, the value T*, 
the dependence on magnetic field strength, etc.) also are observed in other surface effects 
in magnetic fluids which depend monotonically on a single dimensionless parameter H. 

5. The temperature T* found above (Fig, i) defines the optimal experimental conditions 
for observing the elongation of an isolated volume of magnetic fluid, as well as other sur- 
face effects, and thus one can predict theoretically the optimal temperature regime for 
thermal and mass exchange devices. 

NOTATION 

~, I~i, A~, A2, C, C~, C2, dimensionless parameters; ~o, vacuum magnetic permeability; 
M, equilibrium ferromagnetic magnetization; L, characteristic linear dimension of the magnetic 
fluid surface; o, surface tension; T, temperature; ~ , Volumetric concentration of the ferro 
magnetic phase; La, Langevin function; H, magnetic field strength in the magnetic fluid; Vf, 
volume of ferroparticle; kB, Boltzmann constant; O, Curie ferromagnetic temperature; Tc, 
critical temperature of the fluid; VZ, volume of the carrier fluid; p, pressure; e, elonga- 
tion of the magnetic fluid drop; Ho, external magnetic field strength~ ~, relative magnetic 
permeability of the magnetic fluid; z, coordinate along the axis; r, distance from the axis z; 
V, volume of the drop~ 
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