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Specific Heats of Aviation Hydraulic Fluids 

ROGER S. PORTER and JULIAN F. JOHNSON 
California Research Corp., Richmond, Calif. 

I t  is useful to know the specific hea ts  of hydraulic fluids 
over wide temperature ranges. F o r  the  severe conditions 
under which such fluids perform in modern supersonic air  
craft, specific heat is quantitatively considered in heat 
transfer calculations in aircraft design. It is instrumental 
in determining rates  of heating or cooling under unsteady 
s ta te  conditions. T h e  choice of a hydraulic fluid with a 
given specific heat wi l l  thus influence the transient thermal 
response characteristics of the  hydraulic system and will 
partially define i t s  thermal performance. 

Empirical correlations have proved very satisfactory for 
predicting the specific hea ts  of the common pure liquids and 
of certain liquid mixtures (9, 15, 20). Unfortunately, esti- 
mating specific heats  of common hydraulic fluids by this  
approach is very difficult. Firs t ,  fluids are  often com- 
pounded from substances of greatly differing molecular 
t y p e  T h i s  resul ts  in large heats  of mixing and makes un- 
reliable any additive rule for predicting specific heats  of 
fluids from their pure components. There is a dearth of heat 
capacity data  on liquids which are chemically related to  
the components in many hydraulic fluids. Moreover, the 
few available values  are not in good agreement and do not 
generally cover a large temperature range. 

Therefore, it  i s  necessary to evaluate  the specific hea ts  
of the hydraulic fluids experimentally. 

HYDRAULIC FLUIDS 

T h e  three hydraulic fluids investigated a re  not pure com- 
pounds but mixtures compounded for unique and desirable 
properties (5). Aircraft hydraulic fluid MILO.5606 is a 
petroleum base  fluid which is recommended for use  below 

7OoC. T o  date, over 25,000,000 gallons of t h i s  fluid have 
been placed in operation. A typical composition of th i s  
fluid is shown in Table  I. 

Oronite high temperature hydraulic fluid 8200 was d e  
veloped to  provide a fluid with excellent physical properties 

Table I .  Composition of Fluid MIL-0-5606 

Wt. % 
Highly treated light gas  oi l  fraction 60-80 
Highly treated heavy gas  oil fraction 15-30 
Poly alkylmethacrylate 4-8 
Oxidation inhibitors 0. M . 5  
Red dye Trace 

for use in aircraft at elevated temperatures. The  fluid is 
composed predominantly of a specific alkoxydisiloxane. It 
contains a silicone thickener which a c t s  as  a viscosity 
index improver. 

Oronite high temperature hydraulic fluid 8515 h a s  essen- 
tially the same composition as  fluid 8200, except that it 
contains 15% by weight di(2-ethylhexyl) sebacate. This  
gives  fluid 8515 a greater compatibility with rubber in hy- 
draulic systems over the recommended operating range of 
-54 t o  204 OC. 

METHOD 

A differential heating method was  chosen for measuring 
specific heats. T h i s  choice w a s  based on t h e  nature of the 
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hydraulic fluids, the wide temperature range over which re- 
sul ts  were desired, and the e a s e  with which measurements 
can be made tiy th i s  method. Differential heating techniques 
have received relatively l i t t l e  attention in  the literature, 
although a simple and successful method based on t h i s  a p  
proach h a s  been developed by Spear (16). T h e  equipment 
used i n  t h i s  research was very similar to  that of Spear. 
However, modifications were made; and it is felt that the 
additional contributions of th i s  work have made t h e  tech- 
nique more workable and accurate. 

In a differential heating method, resul ts  are  obtained by 
comparing t h e  rates of heating for a t e s t  liquid with that for 
a fluid of known specif ic  heat. T h e  conditions for heating 
the t v o  fluids are made a s  nearly identical  as possible. 
T h e  liquids a re  contained in  light metal ves se l s  which are  

of water before they are placed in  the bath. A s  soon as the 
tubes  are  in  the bath, a stethoscope i s  used to check the 
activity of the magnetic mixers. A prominent pinging sound 
is evidence of good mixer action. Voltages are recorded on 
each fluid a t  alternate minutes to  the  nearest microvolt. 
Temperature data are taken in th i s  way from a t  least  15OC. 
below to 15'C. above each temperature a t  which the spe- 
cific heat i s  desired. Sample tubes are reweighed at the 
end of the measurements. 

Thermocouple voltages are  converted to  temperatures and 
plotted against  elapsed times. T h e  best  l ine is drawn 
through the data, and the times required for the c e l l s  to 
p a s s  through equal arbitrary temperature intervals a r e  cd- 
culated. T h i s  temperature interval i s  from 12' to 28°C.. 
depending on the rate  of change of temperature with time. 

ELECTRIC STIRRER 

suspended in air jackets. They a re  then allowed to  heat 
up in similar fashion towards the constant temperature of a 
surrounding bath. in such experiments, specific heat of the 
tes t  liquid is calculated from the heat capacity of the 
reference fluid, the weights of the sample fluids, the thermal 
capacit ies of t h e  two cells, and the times required for the 
cel ls  to  go through the same temperature interval. T h e  value 
obtained i s  the mean specific heat of the fluid over a short 

Figure 1 shows a diagram of the apparatus. T h e  sample 
tubes are made of brass 1/16 inch in thickness,  7/8 inch in  

The t e s t  temperature is at t h e  midpoint of t h e  range. 
Usually, tan intervals are  evaluated at each t e s t  tempera- 
ture. Several t e s t  temperatures may be calculated from one  
experimental run. 

Specific hea t s  are  Calculated from Equations 1 and 2 
(4, 16). 

(1) 
k, + CP, W, 

+ R , =  + R ,  
k, + CP, W, 

tqnperature range. . f ,  f .  

where 

diameter, and 6% inches in h g t h .  The tubes  and their 
caps  are  nickel plated. It was necessary to  build recesses 
1% inches in  diameter and inch in  depth in the base  of 
the liquid bath container directly opposite the bases  of the 
brass cylinders. T h i s  permits the a i rdr iven  magnetic 
st irrers (Precision Scientific Co.) to b e  placed close enough 
to  drive the magnets within the sample tubes. T h e  force 
field of t h e  magnetic st irrers i s  concentrated by using 
shaped bars of Armco iron. T h e  liquid bath cons is t s  of Dow 
Corning 710 fluid stirred by a hallow-bladed stirrer. T h e  
bath is controlled by a Thermotrol temperature regulator 
(Hdlikainen Instruments). Regulation is 0.01 OC. from 
25" to 22OoC. Magnetic stirrer speed is measured by u s e  
of a Strobotac. T h e  thermocouples a re  Chromel-Alumel. 
Their voltages are  measured using a L e e d s  & Northrup 
White double potentiometer. 

T h e  liquid bath temperature is s e t  at l ea s t  25°C. above 
the highest t e s t  temperature. T h e  sample tubes  are  fi l led 
with 20 ml. of sample, weighed, and inserted in the constant 
temperature bath. For mom temperature measurements, the 
sample tubes  are  precooled to  slightly above the dew point 

1958 

k,, k2 =thermal capacit ies of cel l  1 and cell  2 
Cp,, Cp, = h e a t  capacit ies of l iquids in cell  1 and cell  2 
W,, W, = weights of l iquids in cell  1 and cell  2 
R,, R, = evaporation equivalence factors for cell 1 

and cell 2 
f , ,  f a  = t i m e s  required for cel l  1 and cell 2 to go 

through the same temperature range 

Corrections for losses due to  evaporation were neces- 
sary only for diphenyl ether above 180'C. T h e  correc- 
tion calculation was based on the following assumptions: 
that the heat loss is proportional t o  the product of the vapor 
pressure and the elapsed time, that  hea ts  of evaporation re- 
main constant over the temperature interval, and that 
Trouton's rule is applicable. From t h e  assumptions, R may 
b e  calculated as: 

where 

AHv = h e a t  of vaporization per unit weight 
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W T  =weight loss of sample during experiment 
P, = final vapor pressure a t  time tf 
P b  = vapor pressure a t  time tb 
P a  = vapor pressure a t  time t ,  

AT = temperature range over which specific heat i s  

T h e  thermal capacit ies of the  ce l l s ,  k, and k,, can be 
calculated from the  weights of t h e  materials used in con- 
structing t h e  sample ce l l s  (#, 16). However, increased 
accuracy can be obtained by calibration with l iquids of 
known specific heats.  Calibrations also compensate for 
variations in the  way in which heat is transferred from t h e  
constant temperature bath to  t h e  thermocouples within the  
cells. To reduce the  amount of experimental calibration 
required, i t  was  assumed that t he  thermal capacity of cell 1 
was correct a s  calculated f rom i t s  construction. Using 
l iquids of known heat capacit ies in both cells,  t h e  thermal 
capacity of cell 2 is then calculated from Equation 1. Re- 
sults obtained in  th i s  way are  shown in Figure 2. Over-all 
accuracy of the  calibration was confirmed by observed cow 
sistent specific heat data for different weights of t e s t  
sample and accurate results on fluids of known specific 
heat, examples of which a re  shown in Tab le  11. 

Water and heptane a re  used as standards in the  region 
from 2 5 O  to about 30°C. below their respective boiling 
points. Diphenyl ether is used from 80' t o  22OoC. Values  
for specific hea t s  of t h e  standards a re  known t o  about kO.2% 
(6, 11). Distilled water boiled to remove occluded gases  

t = t b  - t ,  

calculated 

- 

- 

- 

T a b l e  II. Sample Accuracy T e s t s  at  60°C. 

Reference T e s t  7 0  

n-Heptane n-Heptane 0.57 3 0.569 + 0.7 
n-Heptane Water 0.997 LOO0 - 0.3 

Specific Heat 

Fluid Fluid Calcd. Correct Error 

Diphenyl ether Water 0.997 LOO0 -0.3 

was used. The  diphenyl ether was  a 25% center distillation 
cut from Eastman Organic Chemicals No. 104. I t s  freezing 
point was  26.77OC. Literature values  (18) a re  26.85' and 
26.90'C. T h e  heptane was  also a center distillation cut of 
Phi l l ips  99 mole % with a freezing point of -90.66OC., 
identical with the  reported value (1). 

RESULTS 

T h e  specific hea t s  of three hydraulic fluids have been 
measured by a differential heating method at atmospheric 
pressure from 25 to 220 C. 

Resul ts  for fluid MIL-0-5606 and Oronite high tempera- 
ture hydraulic fluid 8515 a re  best  interpreted by l inear 
equations relating specific heat and temperature. Data for 
Oronite high temperature hydraulic fluid 8200 show a marked 
increase in  the  change of specific heat with increasing 
temperature, and in consequence results a r e  best  presented 
in quadratic form. 

Resul ts  for fluid MIL-0-5606 are based on three experi- 
mental temperature-time curves. Specific heat values  for 
fluids 8200 and 8515 represent a minimum of s ix  experi- 
mental runs for each  fluid with runs made in duplicate over 
each of three temperature intervals. 

T h e  results of th i s  research a re  shown in equation form 
in Tab le  111. Deviations l i s ted  in specific heat values  a re  
the  standard errors of estimate. T h e s e  represent t he  67% 
confidence limits for experimental values. T h e  experimental 
results plotted in  Figures  3, 4, and 5 show change of spe- 

$, ,401 
W a 

200 
c87 .35 I 

0 50 IO0 I50 

TEMPERATURE ,%. 
Figure 3. Specific heat of hydraulic fluid MIL-0-5606 

cific heat with temperature in metric units for each fluid. 
The  best  curve, a s  mathematically developed, h a s  been 
drawn in. Dotted l i nes  depict t h e  95% confidence limits or 
two standard deviations. In no case -were discontinuities 
observed in temperaturetime or specific heat-temperature 
curves. Therefore, no energetically important transit ions 
occur within the  three hydraulic fluids over t h e  long temper- 
ature ranges of investigation. 

T h e  values measured on fluid 5606 agree well with values  

Designation 
No. of 

Temp. 
Range of 

Measurements 

T a b l e  111. Specific Heat Results 

Specific Heats at Constant Pressure 

Hydraulic Fluid ' C. " F. 
5606 

85 15 

8 200 

~ a ~ . / g r a m  'c., 
T'C. 

B. t. u. Ab. ' F., 
T OF. 

30-200 86-392 c0.430 + 4 16 x 1O4T0 c. +Om423 + 2 3 1  X 104Top. 
ro.012 *0.012 

t 0.011 io.011 
25-220 77-428 +0.416+9.78 x 104ToC, +0.398 + 5.43 x 10+ToF, 

45-220 113-428 f0.365 + 6.76 X 1O4T0 c. + 0 . 3 5 4 + 3 . 1 8 ~ 1 0 ~ T , ~ ~  

+2.89 X l@T'oC. t 0.013 x 10"T2",. t 0,013 
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fluid 8200 

for a petroleum stock which is similar in composition and 
other physical  properties (20). Resul ts  on t he  other two 
fluids a re  consistent with most of the  data avai lable  on 
chemically related liquids (2, 16), but they d o  not agree 
with estimated values  (5) and should replace these  a p  
proximate values  for design purposes. 

DISCUSSION 

Defining t h e  specific heat  for mixtures of dissimilar 
chemical t ypes  is a complex problem. T h e  addition of a n  
es te r  t o  a siloxane, as  in the  case of fluid 8515, is likely 
to produce a liquid mixture with large deviations from ide- 
ality. For  such  cases, both posit ive and negative devi- 
ations from specif ic  heat additivity have been reported 
(10, 17). However, prominent posit ive deviations in spe- 
cific heat a r e  far t he  most common result of mixing liquids 
of dissimilar type (3, 8 ,  19). 

T h e  specific heat of liquid di(2-ethylhexyl) sebacate  
has  not been reported. Nonetheless,  by considering spe- 
cific hea t s  of other e s t e r s  i t  may b e  estimated that i t s  
value at room temperature should b e  considerably higher 
than that for fluid 8200 (13). Thus,  by s imple additivity the  
specific heat of fluid 8515 should be greater than that for 
fluid 8200. I t  is likely that t h e  nonideality of t h e  mixture 
in fluid 8515 a d d s  further t o  i t s  specific heat. T h i s  con- 
clusion is substantiated by experimental resu l t s  which 
show that a t  60°C. t h e  specific heat of fluid 8515 is 16% 
higher than tha t  of fluid 8200. T h e  two fluids differ only by 
15% by weight of di(2-ethylhexyl) sebacate.  Differences be- 
tween t h e  specific hea t s  of di(2-ethylhexyl) sebacate  and 
fluid 8200 and/or their heats  of mixing must become less 
a t  e!'evated temperature. T h i s  is because t h e  specific hea t s  
of fluids 8200 and 8515 become the  same a t  about 190OC. 
Although posit ive deviations and maxima are often ob- 
served in specific heat versus  composition curves for bi- 
nary liquid systems, they do not generally represent com- 
pound formation or other unique phenomena. 

A theoretical calculation of specific hea t s  of liquid 
mixtures involves t h e  u s e  of partial molar quantities; but 
as they a re  obtainable only from specific heat data for t h e  
system in question, t h e  method h a s  l i t t l e  practical  value 

In attempting to  compare th i s  work with previous investi- 
gations, i t  h a s  been found tha t  very few specific hea t s  
have been reported for l iquids c losely related to  t h e  com- 
ponents in fluids 8200 and 8515, per se, disiloxanes,  sili- 
cones,  and organic s i l i ca t e s  ( 2 ,  12, 16). Among available 
values  large discrepancies exist  (7, 16). Quantitative corn 
parisons a r e  further restricted because of t h e  dearth of heat 
capacity da t a  available on other hydraulic fluids. Bingham 
h a s  cited experimental information on such fluids and re- 
ports hydraulic fluids types in  order of decreasing specific 
heat: glycol-water b a s e  > castor  base  > petroleum base  > 
phosphate e s t e r  b a s e  > sil icone b a s e  (2) .  T h i s  general 
interpretation is probably valid a t  room temperature. How 

(8) .  

p "'I 
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*"SO 

TEMPERATURE ,'C. 
Figure 5. Specific heat of Oronite high temperature hydraulic 

fluid 8515 

ever, th i s  work on hydraulic fluids, which presents  t he  first 
study over a long temperature range, indicates  that Bing- 
ham's order will be  altered at elevated temperature, be- 
cause  the  speLific hea t s  of different f luids have widely 
different temperature coefficients. 

T h e  specific heat of a liquid may be  calculated from data  
on the  coefficient of expansion, isothermal compressibility, 
and speed of sound in t h e  fluid (7). Density data, from 
which coefficients of expansion may b e  calculated,  have 
been reported (5). Compressibility and speed of sound data 
have been made available but a r e  as yet  not in the  regular 
literature. 

A calculation based on these related quantit ies h a s  led 
to specific heat values  a t  26.7OC. of 0.417 for fluid 8200 
and 0.489 for fluid 5606. T h e s e  results differ from extrapo- 
la ted  experimental values  by i7.% and +10.6% for fluids 
8200 and 5606, respectively. T h e  agreement is good con- 
sidering that values calculated a re  remarkably sensit ive to  
errors i n  speed of sound and compressibility data. 

Schiff's equation, Equation 3, for estimating specific 
heats  of l iquids h a s  been tes ted on the  three hydraulic 
fluids (9). 

p x C p  = 0.35 (3) 
where 

p = liquid density, grams per ml. 

For fluid 5606 the  product of density and specific heat is 
constant a t  a value of 0.376 f 0.002 over the  full range of 
measurements f r o m  25' t o  200'C. Fluid 8200 yields  a 
constant of 0.370 k 0.005 from 45" to 60°C. Above th i s  
temperature and over t he  full experimental range for fluid 
8515 t h e  value for t he  constant is high and increases  with 
increasing temperature. 

Kardos h a s  derived a theoretical equation involving spe- 
cific heat (14). 

Cp = liquid specific heat 

where 

C p  = specific heat 
U = speed of sound in liquid 
p = liquid density 
L = available intermolecular dis tance 
k = liquid thermal conductivity 

T h i s  equation may be  solved for L, the  effective inter- 
molecular dis tance between molecules, as  all other quanti- 
t i e s  have been experimentally measured. Intermolecular 
dis tances  for t h e  hydraulic fluids have been calculated 
over a range of temperatures. Values  a t  100'C. a r e  0.69, 
0.66, and 0.57 A .  for fluids 8200, 8515, and 5606, respec- 
tively. T h e  temperature coefficients for intermolecular 
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distance a re  +2.6 x A.,/'C. for fluid 8515 from 65" to 
177OC. and +8.2 x lo' A./OC. for fluid 5606 from 30' t o  
177 O C. 
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Thermal Conductivities of Aviation Hydraulic Fluids 

ROGER S. PORTER and JULIAN F. JOHNSON 
California Research Carp., Richmond, Calif. 

I n  recent years, considerable attention has  been given to 
the  field of thermal conductivity. Several investigations 
have been particularly fruitful in revealing theoretical and 
empirical correlations (6, 17, 18). However, an accurate 
knowledge of heat conductivity must s t i l l  come from experi- 
mental investigation. T h i s  is especially true in the  c a s e  of 
hydraulic fluids, which a re  mixtures of different and some- 
times unusual compounds. Hydraulic fluid conductivities 
need t o  b e  well defined as these  values a re  cri t ical  in t he  
design of heat exchangers for modern aircraft. 

Hydraulic Fluid MIL-0-5606 is being used extensively in 
aircraft at t he  present time. It is a petroleum-base fluid 
with a polyalkylmethacrylate thickener. Oronite High 
Temperature Hydraulic F lu id  8200 is composed predomi- 
nantly of a specific disi loxane derivative with a sil icone 
thickener (8). Oronite High Temperature Hydraulic Fluid 
8515 is essentially the  composition of Fluid 8200, except 
that it contains 15% by weight of di(2-ethylhexyl) sebacate 
(8, 22). 

APPARATUS 

T h e  filament method of measuring thermal conductivity 
was  used because of i t s  simplicity and precision. T h e  
bas ic  design of the  filament cells was  essentially that of 
Langstroth and Zeiler (13). Figure 1 shows a typical cell. 

T h e  dimensions of the filament cells are  listed in Tab le  
I. T h e  wire diameter of t he  finely coiled tuncsten filament 
was  approximately 0.023 cm. (13). T h e  resistance of each 
filament was  about 26 ohms a t  25°C. T h e  change of cell 
res i s tance  with temperature was  found experimentally to  b e  
a linear function of temperature from 25" t o  2OO0C. 

Two systems were used for thermostating t h e  filament 
cells. For temperatures up to  75OC., and l&quart  water 
bath with an  infrared heater controlled by a mercury regula- 
tor was  used (Arthur H. Thomas Co., Philadelphia, Pa.). At 
temperatures above 7S0C., a 9-quart s ta in less  s tee l  beaker 
filled with a high-flash-point oil  was  used a s  the  constant 
temperature bath. T h e  beaker was  insulated on the  s ide  
and bottom by several inches of loosely packed asbestos.  
T h e  top was  covered by a plate of l /%inch Transite. A 
constant temperature was maintained by a 500-watt heater 
working off a Thermotrol temperature regulator (Hallikainen 
Iristrument Co., Berkeley, Calif.). 

The  oil was  circulated by an efficient hollow-blade 
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Figure 1. Filament cell 

Table I. Characteristics of Filament Cells 

Filament External 
Cel l  Radius, 

Number Inch 
1 0.245 
2 0.294 
3 0.197 
4 0.238 
5 0.294 

Internal 
Radius, 

Inch 
0.162 
0.204 
0.128 
0.155 
0.204 

Filament Change of Cell  
Len%h, Resistance with 
Inches Temperature, Ohm/' C 
1.76 0.1071 
1.71 0.1092 
2.02 0.1145 
1.80 0.1140 
2.20 0,1092 
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