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RELATION BETWEEN FLUID VISCOSITY AND COMPRESSIBILITY 

Yu. A. Atanov and A. I. Berdenikov UDC 532.133 

Values of the shear viscosity are computed with an error not exceeding the error 
of experiment by means of formulas deduced on the basis of the theory of a free 
volume. 

Hydraulic systems with working fluid pressures of 30-120 MPa [i] are being used more 
and more in machine construction. It is known that the shear viscosity and density (com- 
pressiblity) of the working fluid depend on the temperature and pressure and exert signifi- 
cant influence on the characteristics and operability of hydraulic system mechanisms as they 
change, especially when using automatic control instruments [2]. 

The pressure dependences of the shear viscosity and density of the fluids are deter- 
mined experimentally on unique specialized instruments and apparatus [3], which require a 
large expenditure of facilities and time. If an attempt is made to establish a connection 
between the shear viscosity and density (compressibility) of the fluid, the expenditure in 
laboratory investigations could be reduced considerably. 

Bachinskii [4] proposed the first empirical dependence between the shear viscosity and 
specific volume (density) 

C 

Experimental confirmation of the formula yielded satisfactory agreement for a large 
number of fluids. However, for fluids associated by hydrogen bonds (alcohols, acids, water), 
some hydrogen halides, and mercury, the formula (i) turned out to be unacceptable. It 
yields such false results at high pressures. Nevertheless, investigations tracingthe con- 
nection between the shear viscosity and density (compressibility) of a fluid continued. 
Thus, the authors of [5] found a relationship between these quantities for individual 
paraffins, the dependence ~ = f(p) was derived in [6] for polysiloxanes, and an attempt was 
made in [7, 8] to establish such a relation for commercial mineral oils. We try to estab- 
lish these relationships in an example of two working fluids of a hydraulic system that dif- 
fer substantially in their chemical nature. 

The uninflammable fluid PGV (on a water-glycerine base) is being more and more ex- 
tensively used at this time in hydraulic systems with elevated fire-safety requirements in- 
stead of the shaft oil AU. Properties of the fluids PGV and shaft oil AU are compared in 

[9]. 
The pressure dependences of the viscosity of the fluid PGV and the shaft oil AU were 

determined on a viscosimeter with a rolling ball with a • error [i0], and the density 
(compressibility) by a hydrostatic method with _0.2% error [9, ii]. 

An equation of state of the fluid (Tait equation) [12] was obtained from the experi- 

mental dependence of the compressibility 
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TABLE i. Dependence of the Volume of "Incompressible" Mole- 
cules on the Pressure and Temperature 

P, 
MPa 

0 
20 
40 
60 
80 

100 

K. 1 o", m3/kg 

PGV fluid at T, ~ 

240 19 ! ,3 273,35 293,65 

f 
0,704 0,700 0,622 
0,706 0,698[ 0,639 
0,70710,6941 0,653 
0,709 0,692 0,659 
0,710 0,689 0,662 
0,712 0,587 0,663 

323,35 

0,620 
0,632 
0,638 
0,642 
0,646 
0,647 

353,45 

'0,611 
0,603 
0,629 
0,632 
0,635 
0,636 

J s_ha_fL 2il AV_ air T_~, ~ 

373 [ 293 325,85 363,35 
l 

0,606 0 , 9 4 4  0 , 9 2 3  0,942 
0,616 0 , 9 4 4  0 , 9 2 2  0,920 
0,625 0 , 9 4 0  0 , 9 3 0  0,917 
0,630 0 , 9 4 2  0 , 9 2 8  0,918 
0,632 0 ,941  0 , 9 3 0  0,915 
0,634 0 , 9 4 0  0 , 9 2 8  0,916 

/ 

V ~  ( 1 +  P "i. (2) 
Vo Boexp(--• ] 

At the microscopic level viscous fluid flow is displacement of the fluid molecules 
relative to each other. The magnitude of the shear viscosity is determined by intermolecu- 
lar interaction forces which grow as the molecules draw together. The fluid volume dimin- 
ishes under the effect of external pressure, resulting in the molecules drawing together 
and, therefore, in growth of the viscosity. 

The relation between the fluid volume and its shear viscosity can be established on 
the basis of the simplest representations presented above [13]. 

Let us represent the fluid volume in the form of a sum of the volumes of "incompres- 
sible" molecules K and a free (or intermolecular) volume Vf 

Following [14], we assume that 

v = K + V;. (3) 

V 
n = D e x p  V / "  (4) 

Combining (3) and (4), a general form can be obtained for the dependence of the fluid 
viscosity on the volume 

V - - K ,  " (5) 

Using the equation of state V = V(P, T), we convert (5) to the following 

In n(P,  T) V(P, T) V(0, T) (6) 
n(Q, T) V(P, T ) - - K  V(0, T ) - - K  

Let us make a quantitative estimate of the applicability of (6) in an example of ex- 
perimental data on the viscosity and compressibility of PGV and shaft oil AU. To this end, 
we solve (6) for K. The values obtained for K are presented in Table I. As is seen from 
the table, changes in K with pressure and temperature are comparatively slight, which corre- 
sponds qualitatively to the assumption of "incompressible" molecules. 

Therefore, if we take the following values for the mean values of the volume of the 
"incompressible" molecules K: K=065 "10 -3 m3/kg for the fluid PGV and K = 0.93"10 -3 m3/kg 
for shaft oil AU, then (6) can be represented in the form 

For the fluid PGV 

in ~ (p' T) 
(0, T) 

For the shaft oil AO 

V(P, T) _ V(O, T) (7) 
V(P, T) - -  0,65 .10 -a V(0, T)--0 ,65-10 -3 ' 

In q (P' T) 
~I (0, T) 

_ V(P, T) V(0, T) 

V(P, T)--0 .93 .10  -3 V(O, T)I--0.93.10 -3 
(8) 
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TABLE 2. Comparison between Experimental Values of the 
Shear Viscosity n of PGV and Values of the Viscosity Com- 
puted by Means of (7) and (i0) 

P, 
MPa 

0 
I0 
20 
40 
60 
80 

100 
o, % 

P, 
MPa 

0 
I0 
20 
40 
60 
80 

100 
o, % 

240,65K (--32,5 ~ 

']exp l n from n from 
(7) (lO)[ 

6,58 
7,041 
7,56 
8,75 

10,2 
12,0 
14,3 

6,80 7,10 
7,02 7,66 
7,48 8,91 
7,96 10,37 
8,47 12,09 
9,00 14,1 
36 1,5 

323,35 K (50,2 ~ 

nexp n ~7~m, n (10)fr~ 

0,0153 
o,o157 o, 75  o, 58 
0,0162 0,0164 0,0163 
0,017Z 0,0178 0,0174 
0,0184 0,018"/ 0,0185 
0,0197 0,019! 0,0197 
0,0209~ 0,021., 0,0209 

�9 - -  1 0,6 

273,35 K (0,2 ~ 

nexp 

0,201 
0,214 
0,227 
0,253 
0,280 
0,307 
0,335 

from 
(7) 

0,208 
0,215 
0,229 
0,244 
0,z60 
0,277 

15 

n from 
(lO) 

0,211 
0,221 
0,244 
0,268 
0,294 
0,322 

4 

353,45 K ( 8 0 , 3 " C )  

nexp 

0,00643 
0,00659 
0,00673 
0,00719 
0,00762 
0,00808 
0,00855 

v, from 
(7) 

0,~666 
0,00689 
0,00737 
0,00786 
0,00837 
0,00890 

3 

n from 
(10) 

0,~662 
O, 00681 
0,00719 
0,00758 
O, 00798 
O, 00838 

1,2 

293,65 K (20,  

nexp n from 
(7) 

0,0505 
0,0518 0,0522 
0,0536 0,0540 
0,0579 0,0577 
0,0628 0,0615 
0,0679 0,0655 
0,0734 0,0696 

- -  3 

oc) 

n fore 
(10) 

O, 0526 
O, 0547 
0,0591 
O, 0638 
O, 0687 
O, 0740 
1,7 

_ _  37a,,s K ( , o o L c !  

~exo n from n ~om 
t " ! (7) / (10) 

0,00460 
0,00473 
0,00498 

0,00448 
0,00459 
0,00472 
0,00500 
0,00530 
0,00561 
0,00593 

0,00464 
0,00481 i 
O,00514! 
0,00549! 
0,00584 
0,00621 

5 

0,00523 
0,00548 
0,00574 

2 

TABLE 3. Comparison between Experimental Values of the 
Shear Viscosity n of the Shaft Oil AU and Values of the 
Viscosity Computed by Means of (8) and (ii) 

nexp from from %xp n from from nexp n from 
(8) (11) (8) (II) (8) 

I 
0 I0 0424 

I0 i0,0o38 
20 0,0696 
40 0,116 
60 0,198 
80 10,336 

100 10,574 
~, %t - -  

; 

0,~23 
0,0645 
0,0487 
0,1524 
0,238 
0,378 

34 

0, ~4', 
0,0692 
0,115 
0,195 
0,336 
0,594 

1.7 

0,00959 
0,0114 
0,0136 
0,0202 
0,0296 
0,0436 
0,0634 

o,7117 
0,0141 
0,0209 
0,0309 
0,0460 
0,0:91 

02116 
0,0140 
0,0205 
0,0300 
0,0442 
0,0656 

2,4 

0,00348 
0,00422 
0,00480 
0,00641 
0,00856 
0,0113 
0,0150 

0,0-0415 
0,00494 
0,00695 
0,00976 
0,0137 
0,0193 

16 

~ 

n from 
(11) 

0,00407 
0,00474 
0,00638 
0,00855 
0,0114 
0,0153 

2,1 

In substance, (7) and (8) permit the estimation of the viscosity of the fluid PGV and 
the shaft oil AU from results of measuring the compressibility by using just one constant. 

The accuracy of the viscosity estimates can evidently be raised substantially if the 
empirical dependence K = K(T) is introduced. Then (6) is converted to 

lrl ~I(P, T) _ V(P, T) V(O, T) 
1] (0, T) V (P, T) - -  K (T) V (0, T) - -  K (T) 

We obtained the dependence K = K(T) by least squares in the form: K = 4.54"10-" + 
6.194"10-a/T for the fluid PGV, and K = 8.165'10 -~ + 3.644"I0-2/T for the shaft oil AU. 

Therefore, the "improved equations" (7) and (8) will have the following forms 

For the fluid PGV 

(9) 

In ~] (p '  T ) _  V(P,  T) _ V(0, T) 
1](0, T) V(P, T)--(4.54.10-~+6.194.10-Z/T) 

For the shaft oil AU 

In ~I(P, T) V(P,  T) 
~l (0, T) -- V(P, T)--(8.165.10 -a q- 3.644110-2/T) 

V (0, T) - -  (4.54.10-4 -k 6,194.10-2/T) 

v(o, T) 
V(0, T ) - -  (8.165.10 -4 q- 3.644.10-Z/T) 

(i0) 
i 

(IZ) 
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Comparison between the experimental and computed results by using (7), (8), (I0), and 
(ii) are presented in Tables 2 and 3. 

We took the rms deviation o, defined as follows 

/ n ( c~ exp ) q? r l i  ' 2 

1// - -  
~j = -= rl exp , 

n - - I  
as the criterion for accuracy of the equation. 

We verified (9) additionally on three water--glycerine fluids of the "Promgidrol" type, 
whose experimental values of the shear viscosity and density (compressibility) were ob- 
tained in the same temperature and pressure ranges and on the same apparatus [15]. 

Comparison between the experimental values of the shear viscosity of the fluids P20, 
P20-MI, and P20-M2 and their computed valued according to (9) is presented in Table 4. 

As is seen from the table, the rms deviation c for the fluids P20-MI and P20-M2 does 
not exceed 1-3% and is 9-10% only for the fluid P20 at low temperatures, which is probably 
explained by the inadequate accuracy of the experimental determination of the shear vis- 
cosity at low temperatures. 

The results presented above show that equations of the type (9) permit the computation 
of values of the fluid viscosity by means of experimental compressiblity data, to an error 
not exceeding the error in the experiment. A simplified equation of the type (6) can be 
used for approximate estimates. 

NOTATION 

P, pressure; T, temperature; V(P, T), specific volume as a function of the state param- 
eters (P, T); ~(P, T), shear viscosity as a function of the state parameters (P, T); Vf, 
free volume; K, volume of the "incompressible" molecules; A, B, ~ , constants in the Tait 
equation of state; C, m, D, experimental constants. 
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HEAT EXCHANGE IN GAS FURNACES 

S. P. Detkov UDC 536.3 

The article presents a new method of calculating heat exchange on the heating 
surfaces in furnaces with a real medium but without scatter, with multiple re- 
flections making a considerable contribution to the heat flow. 

i. Statement of the Problem. In calculations of heat exchange the single-zone approx- 
imation is widely used: the medium is represented by one zone, and its spectrum is de- 
scribed by integral characteristics. Figure 1 shows the model of a furnace with convex heat- 
ing surface. Together with the lining and the volume of the furnace, we obtain three iso- 
thermal zones. The surfaces are taken to be gray. If the role of the multiple reflections 
is slight, the calculation may be carried out with the formulas of [i] and of earlier edi- 
tions beginning in 1934. In gas furnaces the effective optical thickness of the volume may 
be small, and in the spectrum of the medium, with small dust concentration, "windows" with 
high conductance of radiant fluxes are obtained. When the surfaces have fairly large re- 
flection coefficients, multiple reflections are obtained which make a considerable con- 
tribution to the heat flows. The object of the present work is to take multiple reflections 
of radiant fluxes with a real spectrum of the medium into account. It is assumed that soot 
and dust particles are suspended in the gas; these particles do not cause substantial energy 
dissipation. 

A correct solution of the problem with a black heating surface was obtained in [2] but 
the solution with a reflecting surface was written intuitively. The present author did not 
succeed in writing the correct solution of the problem with a reflecting heating surface 
either, but he substantiates a simple roundabout way of solvingthe problem that is accept- 
able for practical calculations. 

It is expedient to assume that the heat losses through the lining and the convective 
flows of heat to it are equal. Then the temperature of the lining surface is obtained in- 
cidentally in the process of solving the problem. In the given problem of external heat 
exchange, the temperature of the heating surface is taken to be known. The convective flow 
on the heating surface is calculated separately, and the density of the resulting radiant 
flux is determined by the~formula 

q~o = a~ (0 - -  0o), w / m ~  , ( 1 )  

or more accurately, 

~nere 0o~oT~; 6,~oT~; e~eFEoT ~. The temperature of the medium T = T F is the effective tem- 
perature. Specialized literature deals with its calculation. The coefficients aT and K 
depend on the number, the dimensions, optical properties, and the geometry of the bodies 
taking part in the heat exchange. The problem consists in deriving the formulas of these 
magnitudes for a model of the furnace shown in Fig. i. 
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