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PREFACE

This thesis represents an experimental study of the heat
generation capabilities of an external gear pump and needle valve
using the petroleum~-base Mil-H-5606 hydraulic oil as the fluid
media. The effect of air entrainment upon these heating capa-
bi;ities was an additional consideration, This study represents
a portion of the Boeing Hydraulics Research Project sponsored
by the Boeing Airplane Company of Wichita, Kansas.

I wish to thank Dr. J. D. Parker for his continual help in
the preparation of this thesis and throughout my graduate study.
I also wish to acknowledge the assistance of the Mechanical
Engineering staff, especially George Cooper, John McCandless, and
L. S. Benjamin.

Finally, I will always be grateful for the continued encour-
agement and patient understanding of my family throughout my uni-

versity career,
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CHAPTER I
INTRODUCTION

The problems of hydraulic system overheating are definitely not
new, but with fhe development and application of higher performance
fluid power systems_the problems have become increasingly significant.
In past years most systems had relatively low flow rates and pressure
‘drops; thus, system overheating was not an area of great concern,
However, the rapid technological advancements of receﬁt years, partic-
ularly ih the aircraft, missile, and space-vehicle industries, have
considerably altered this viewpoint regarding fluid power systems.

The presentvtrend in the development Qf fluid power éystems is
toward higher output and‘smaller over-all package size., To be more
specific, this implies increased mass flow rates, higher pressure
drops, and reduced wéight and surface area., In such high performance
systems ,. overheating problems can manifest themselves in many areas.
Excessive temperatures can critically affect system contamination and
reliability, pump cavifation and life, foaming and oil deterioration,
and reservoir pressurization requirements (1),

In general the heat generated within a hydraulic system is a
direct résulf of viscous drag and system throttling, whereby the
mechanical energy introduced into the system by the pump is converted
to thermal energy. This conversion of energy occurs throughout the

system, especially in components such as pumps, motors, and relief



valves, Thus, the "heat generation capability" of a particular com-
ponent refers to its capability of econverting a portion of the
mechanical energy imparted to it into thermal energy, However, not
all heat is generated within fhe system itself, The system enviroqnv
ment may also be a major contributor in certain applications. A
simple illustration of environmental influence is the heat input to a
hydraulic pump mounted within the jet engine housing of -an aircra}to’
Large amounts of heat could be conducted through the pump mounts and
casing, while heat transfer could Jccur through radiation as a result
of the high temperature surroundings. Similarly, convective heat
transfer would be possible due to the large mass of air moving through
the hot engine and past the pump.

-anotherproblem. closely connected with system overheating

is air entrainment within the fluid itself. Again, the problem

areas of system reliability, pump cavitation, pump life, oil deteri~
oration, and reservolr pressurization are affected.

The objectives of this thesis are:; first, to determine and analyze
M . TS e e PO

e U—————

the heat generation capabilities of two basic hydraulic components--

the gear pump and the needle valve--and, secondly, ygdgﬁﬁgrmine the

effect of air entrained within.-the-fluid upon these heat generation

capabilities.



CHAPTER II
PREVIOUS INVESTIGATIONS

The development and application of high performance hydraulic
systems and the associated overheating problems have become significant
in only the last few years., The research done on the thermal considera-
tions of hydraulic components is‘ therefore vrelatively limited, Even
those articles that deal with the overheating problem specifically
tend to be of a qualitative rather than quantitative nature, preferring
to discuss in rather general terms the causes and effects of overheatihg,
component selection, and heat exchanger design. Seldom are there
included any fundamental relationships or design data which the
engineer may use to analyze and design properly a fluid power system
from a thermal viewpoint. Similar statements may be made concerning
the effect of air in hydraulic systems.

Witfren (2) discusses hydraulic system overheating only in general
terms and/éuggests several techniques to reduce heat generation within
the system itself. Much of his discussion deals with the proper
selection of components such as pumps, motors, actuators, fluid lines,
and control valves. Useful design information is given in his
discussion of optimum reservoir shapes and internal circulation
methods. Spherical, cylindrical, and rectangular shaped reservoirs
were studied with the latter having the better cooling capacity.

Placing baffles within the reservoir itself or putting indentations in



the reservoir walls was found tovincrease the heat-transfer rate
by introducing turbulence into the oil circulation. Qil-to-water
coolers were stated as being more compact and less subject to
fouling than the oil-to-air heat exchanger although the latter was
considered the more practical in the upper range of operating
temperatures near 200° F,

Douglas (3) divided the component heat generation problem into
the following classifications: auxiliary pumps, power pumps, pipes,
directional valves and fittings, and throttling devices which he
defined as any device causing a restriction greater than that
normally caused by pipingo Actual experimental data was
included on heat generation within these five classifications. Heat
generation per 100 psi for various efficiencies was plotted versus
flow rates for both the auxiliary and power pumps. Viscous heat gen=-
eration within piping was plotted against fléw rate for various pipe
diameters with the fluid being an oil of 200 SSU viscosity. Throttling
devices, along with the directional valves and fittings, were equated
to a corresponding pipe length, and the heating effect was determined
from that information already developed for piping losses,

Containing experimental work very similar to that of Douglas was
an engineering report published by Racine Hydraulics and Machinery,
Incorporated (4), Again, the heat generation problem was divided
into specific areas: external heated sources, volﬁme control valves,
pressure control valves, pumps and fluid motors, piping, and directional
control valves, Variable displacement pumps as we;l as fixed displace~
ment pumps and motors were included in the heating analysis. Instead

of relating pressure and volume control valves to an equivalent pipe



length as did Douglas, the report directly ‘illustrated the relationship
of heat generation to differential pressure for various flow rates.

The study of hydraulic system overheating by Magnus (1) was purely
analytical. He related a temperature increase to a differential
pressure with component efficiency and fluid properties as parameters,
Introduced was a term Magnus designated as "bypass ratio" in which
he took into account the effect of recirculating the bypass portion
of fluid of a relief valve on the system temperature. Magnus also
felt that the conservative approach to the thermal design of a system
was to consider that all pump input power was converted to heat by the
system and must eventually be rejected as heat. In high performance
systems heat exchangers are generally required for adequate heat
dissipation as the convection, conduction, and radiation heat-transfer
rates are often insufficlent to maintain the desired operating tempera-
tures,

Associated with the problem of system overheating is that_of
air entrainment within a fluid power system. yet no concentrated effort
has been made to determine the effect of air on system performance
from a thermodynamic viewpoint., Questions concerned with the nature of
the compression process of the air, the exchange of energy between the
air and surroﬁnqing oil, and the effect upon component efficiency are
often brought forth but seldom answered, Instead, most of the work
has concerned itself with the problems of'solubility and cavitation,

In studying fluid effects on system perfprmance, LeRoy and Leslie
(5) mentioned the dissolved-air problem., Data concerning the
solubility of air in various liquids under equilibrium conditions are

included. The hydraulic oil Mil-H-5606 was found to have the highest



solubi;ity of the liquids tested. This particular oil was found to
contain 10% air by volume under test conditions of 32°F, and one
atmosphere of pressure. No information was included on the factors
affecting the rate of solution of gases in fluids,

MacKenzie and Smith (6) performed tests on petroleum base and
water base fluids by mixing air and a measured amount of fluid and
holding the mixture under pressure on the air side of a piston
accumulator. Upon completion of a test, the undissolved air was
released from the accumulator and the remaining oil-air mixture was
placed into a flask. Further processing determined the amount of air
dissolved in the oll., Most of the tests were run over a period.of
24 hours; however, one was run for 4 months at 2000 psi indicating
461 milliliters of air to 1000 milliliters of fluid,

2 Firth (7), in studying the effect of entrained air on fluid

/ bulk modulus, found that the addition of air to oil noticeably
decreased the bulk modulus. Several tests were run on an oid-air
mixture for various amounts of entrained air., 0il containing no
alr was found to decrease in volume 1% at a pressure of 2000 psi,
while the same oil containing 10% air (by volume) indicated a reduction
in volume of 11% at the same pressure level, A similar study was

made by Smith, Peeler, and Bernd (8).
o

related to component heat generation through efficiency. In an

The effect of air entrainment upon cavitation cam be indirectly

investigation of hydraulic noise Louthan (9) found that pump inlet
pressure waves were violently increased with air dissolved or entrained
in the fluid, In discussing the relationship between oll-air mixtures

and hydraulic noise, Louthan defined several degrees of association of



the two substances:
1, Entrained air in large bubbles (diameter greater than 0,330
inches) in which the air and oil are essentially separate.
This condition of having the air coarsely and unevenly
distributed causes extreme pump cavitation,
2, Entrained but dispersed air with no sizable bubbles., This is
normally the accepted state of the pump inlet obtainable
by careful tank design and pressurization to minimize bubble
growth between the tank and pump, Cavitation is considerably
reduced.
3. 0il saturated with dissolved air only. This state is difficult
to obtain with fapid circulation of a limited quantity of oil,
4, An unsaturated solution of air in oil. Such a condition is
generally restricted to the high pressure portion of the system.
To keep the dissolved air from separating out, Louthan suggested
using a pressurized pump inlet. Although his analysis concerns itself
primarily with hydraulic noise and cavitation, the implications relative
to system heating are evident. The presence of air within the system
and the occurrence of cavitation effectively reduce the efficiency‘of
a hydraulic pump resulting in a greater conversion of mechanical energy
to thermal energy., Not only is the actual amount of oil pumped consid-
erably reduced, but the cavitation phenomena produces an undue amount
of wear on the individual pump parts resulting in shorter component
life and poorer mechanical efficiency.

£ In studying cavitation in reciprocating and rotary pumps, Pigott (10)

(NS

introduced air into a spur gear pump having a glass front through

which high~speed photographs of the pumping process were taken., The



photpgraphs“indicated that small buhbleslpresent at the pump inlet
wefe centrifuged into large bﬁbbles located in the rootsvof the gear
teeth, and these large bubbles wére not materially reabsorbed on

the discharge side. HoWeQef;'the cenfrifuging was found to be minor
when pumping’a‘heavy crude, and the bubbles remained fine and were
~largely absorbed on discharge. H
Schanzlin (11) commented on the heating effect resulting from
_the compression of entrained air and made additional‘mention of the
centrifuging process preViously spoken of in Pigott's study., Schahzlines

work is fufther discussed in Chapter IIIL,



CHAPTER III

ANALYTICAL CONSIDERATIONS

As previously mentioned Magnus (1) states that the conservative
approach to the thermal design of a system is to consider that all the
pump input power is converted to heat by the various system components
and must eventually be rejected as heat. In essence this is a restate-
ment of the First Law of Thermodynamics which states that in a closed
system executing a cycle the net work input is proportional to the net

heat output (12). Written quantitatively, the First Law states

gaw = Jaq (1)
where
ﬁdw = work input during the cycle,
édQ = heat output during the cycle,
J = proportionality constant, and

e =
"

the cyclic integral,

In terms of the rates at which work is done and heat is transferred

across the boundary of the system, Equation 1 can be written as

g = gfaQ (2)

where

o
=
"

power input, and
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dé = rate of heat(transferq
]

The typical hydraulic system illustrated in Figure 1 is a direct
application of Equation 1 and Equétion 2. The pump introduces a given
amount of mechanical energy into the system,and this energy is used to
provide useful work such as turning a shaft or is!dissipated in the
.form of thermal ehnergy at various stations in the system. The First

Law as stated above applies only to cyclic processes; however, the

application of the First Law to noﬂ-cyclic processes yields

o

- W= AF (3)

e

where

AE = rate of change of the system energy.

Equation 3 is often considered an alternate way of expressing the
First Law. Applying Equation 3 to the §ystem of Figure 1 necessifates
the increase in the energy of the system if the heat-transfer rates are
insufficient to maintain cyclic operation. Such an increase in energy
usually manifests itself as a rise in system temperature. The tempera-
ture rise continues until the temperature difference between the system
and the environment is sufficiently large to enable the heat transfer
rate to equal the input of mechanical energy. Heat exchangers are
required if it is desired to maintain operating temperatures below
the equilibrium temperature. |

Of interest in the investigation are the capabilities of the
individual components, primarily the gear pump and the needlé valve,
to convert mechanical energy to thermal energy. Gear pumps are
generally separated into two broad categories: external gear pumps’

ahd internal gear pumps. The following analysis will largely concern
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itself with the standard, external, spur gear pump as shown in Figure 2,
However, the relationships developed are applicable to the pumping
process in general and are not festricted solely to gear pumps,

In the external gear pump the gears are suitably housed to give
very small clearances on both sides and around the periphery of the
gears. Oil entering the pump is trapped between the rotating teeth
and the housing and is carried around the periphery of the revolving
gears to the discharge side. When the teeth reach the meshing position,
the oil is forced to enter the pressure lines of the system.

An open flow system through which fluid passes under steady-
flow conditions is called a steady-flow system, and the energy of the
open-system remains constant as long as steady-flow conditions prevail
(12). An energy balance applied to a steady-flow system, such as

that of Figure 3, states

Net amount of energy Stored energy of Stored energy
to system as heat or + | mass entering - | of mass leaving|- g
work for a given system for the system for the
time interval same time inter- same time in=-

val terval

S

Written symbolically, Equation 4 appears as

6 - W+ &Plvl - mpovy + ﬁl = ﬁzvz 0
where
Q = net amount of heat added to the system for a given
time interval, -
W o= net amount of work, excluding flow work, done by
the system for the same time interval, i
ﬁplvl = amount of flow work on the system by the entering fluid

for the interval,

it

ﬁlpzv2 amount of flow work done by system or fluid leaving,

(u)

(5)
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where

Substitu

rewriting yie

° °
Q+ W,
ln

mass rate of fluid flow,

pfessure,

specific volume,

stored energy rate of fluld entering the system,

stored energy rate of fluld leaving the system.

gy term (neglecting the effects of electricity,

d surface tension may be written as

2
o \ £
MU 4 ——— 4 S=3z7)
- 2gc gc

= internal energy,

average velocity of the fluid,
elevation above an arbitrary datum,

gravitational acceleration.

ting Equation 6 into Equation 5, collecting terms, and

lds
i

o o V2 aVQ - - -~
= m(uy ~up) + mlppvy = pyvy) + m(Z2 1) + fé"(zg
: /"Q Ec /,,f"""‘ Ec

- u
-
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-y
o

In the thermal analysis of the pump, the kinetic and potential ener=

gy terms are

assumed that

where

negligible and, therefore, are disregarded. Also, it

adiabatic conditions prevail. By recalling that

h = uy+ pv

[=
[H

enthalpy,

(8)
= Zl)o (7)
is

(8)
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and remembering the previous assumptions, Equation 7 can be

written as

Win = mh, - hl) = h(uy = up) + mlpovy = pyvyde (9)

The enthalpy for the liquid varies as a function of both

pressure and temperature; therefore, the change in enthalpy in

Equation 9 can be expressed as

Ah = Ab_ + Ah ' (10)
) t.
where
Ahp; enthalpy change at constant pressure,

Aht= enthalpy change at constant temperature,

The specific heat at constant pressure is defined as

) 1
cp = (Bt) o (11)
B

Therefore, it can be stated that

‘(hg -hp)y = Jeyat = ¢, (ty - t1) (12)
where

C_ 1is considered to remain constant with
respect to temperature,

In the determination of the change in enthalpy at constant temperature,

the relation

) =v -t (3 (13)
\ 9p + \ ot D

is useful. Integration with respect to pressure produces
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B
(h, = hl)t = vip, = p1) ~t(3%% : (py - pl)a (14)
»)

The t (%%} (pp = py) term is small and ¢an be neglected (Appendix A).
Therefore, the power input can be expressed as

win = mCP(t2 atl) + mv(p2 - pl)c (15)

Analysis of the energy equation states that the pump work
done on a mass of incompressible fluid in a reversible and adiabatic

process during a given time interval is

o

Wip = mvlpy = py) (16)

Again, the kinetic and potential energy terms are neglected., The
power input denoted by Equation 16 is the ideal amount required.
If the overall pump efficiency is represented by Nys the actual

power input to the system is

. ﬁv(pg - pl)
Wiy = = . (17)

0

Substituting the above relationship into Equation 15 and

solving for temperature change across the pump results--in

cp "o

[ '
ty -ty = v(py = Py (l - ”0) . (18)

In terms of specific gravity, Equation 18 becomes

D, = 1 -n
(py - Py 0 (19)
62.4 cpf n

ty -t =

O



where

Q<
u

specific gravity,

density of water,

[o)]
N
o
=
l.’—:!
i

Thus, for a given pressure differential and constant fluid properties
the thermal rise across a pump increases as the efficiency decreases.

The actual effect of entrained air on the heat generation
capabilifies of a gear pump is difficult to describe analytically for
little is known concerning the energy interchange between the
compressed liquid and air. Schanzlin (]11) states that the tempera-
ture of the compressed air bubbles is somewhere between that
achieved by isentropic compression and that By isothermal compression.
Actually, the temperature of the bubbles is governed by the rate of
air solubility, rate of compression, and heat absorption by the
fluid, For compression occurring over a substantial time interval,
the process would approach an isothermal condition; however, a rapid
compression much like that taking place in the pump would approach
the isentropic process. Regardless of the nature of the compression,
Schlanzin found that the compressed air increased the reservoir oil
temperatures as much as 25% of its original value in certain appli-
cations, and these elevated temperatures became sufficient to damage
pump parts and oxidize the adjacent oil.

In describing the pumping process on the oil-air mixture, it is
assumed that the work accomplished is done on the air and the
oil separately, and that the individual processes are performed

. isentropically.



Thus,

(] ¢ pQ < p2

We=mg [ vdp +m, [ vdp (20)
P, Py

where

Wt = ideal pump input power,

ﬁo = mass flow rate of oil,

ﬁa = mass flow rate of air.

The specific volume term of the oil is considered constant and may
be removed from the integral; however, the specific volume and

pressure of the air are related by the assumed isentropic relation=-

ship
(21)
pvk = C
where
C = constant, and
k = ratio of the specific heat at constant
pressure to the specific heat at constant
volume.
Isentropic compression was assumed as this would result in the
largest temperature increase and heating éffect, Solving Equation
21 for the specific volume and substituting in Equation 20 yields
. P2 . P2 &
Wt = moVo f dp + ma f .T_ s (22)
Py Pl »p /k

Introduction of the efficiency term, integration, and simplification

results in

18



19

T 1
. movo(p2 Pyl m_k Py Py (25
act ‘ e B
" nolk = DY oy 0y
where
ﬁact = actual power input to the cll-air mixture
p = density of the alr.

In terms of the temperature difference, the actual power input

to the pump can be expressed as

e

= melt, - tl) +tmv (py = py) macpa(t3 - tl) (24)

where the final temperature of the air due to compression, t3,
is different from the final oil temperature, t,.

Equating Equation 23 and Equation 24 and dividing by ﬁo yields

Vo(pZ - pl) + ma k PZ - pl = Cpo(tQ - t_]_) +
. | = (25)
g My Nelk=D\ p, Py
¢
m

v {p, = p.) +
o "2 1 — “pa "3 1

He

Several comments can be made in regard to Equation 25. First,

o

n . .
the term "a is generally an exceedingly small number; therefore,

o
mO

a

the quantities in which _2 are included can be neglected with very
m
0

little error. Sample calculations in Appendix A illustrate this

point. Secondly, Equation 25 can be reduced to‘Equation 19 upon
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neglecting the terms multiplied by m; . Third, the effect of

Mo
air within the system can be directly linked with the efficiency
term. The volumetric efficiency will decrease with.increasing amounts
of entrained air, and a greatér témperature rise across the pump is
associated with this reduction in efficiency. A portion of the bump
work originally used to raise the oil to a desired pressure level
is now being expended in compressing.the air, Thus, more work is
required to bring the system up to its operating pressure. This
inefficiency within the pump is manifested as a greater temperature
increase due to the greater change of mechanical energy to thermal
energy.,

The previous discussion has been concerned with the temperature
differential resulting from the pumping process, yet it must be
remembered that within the pump itself even higher temperatures and
pressures can be developed than those evident at fhe discharge.
Pigott‘(lo) found that entrained air produced a centrifuging process
in gear pumps whereby small bubbles present at the pump suction were
centrifuged into large bubbles locating themselves in the roots of
the gear teeth. Thus, local compression of the air and oil upon
gear meshing produced local pressures and temperatures of magni-
tudes much higher than actually observed. Such local compression
processes can help explai; system failufes and oil deterioration,
while the actual overall bulk temperature differential would
indicate safe operation.

Figure 4 illustrates the temperature differential developed

across a pump for various pressure differentials, as determined by



21

Surdung o3 @ng @sTy 2unjeaadwd] TeOTIBIOL]

15d ‘4 v

°f 2an3dTJy

T v o i + T

Q0 0

ol

i

S

*-

Sebipiiil
v pary e
4.:—14—31 Tt

3 ; THES

4, 'ONIdWNd oL 3N@ 3SIW 3JUNLVEIANIEL



22

Equation 19, The fluid considered is Mil-H~5606 with a specific heat

of 0,50 Btu , and a specific gravity of 0.83 at 160° F (1),
16 -°F

The temperature rise resulting from control valve and system
throttling can also be determined by considerihg Equation 15, Since
it is assumed that no heat or work cross the boundary and that the
kinetic and potential energy terms are negligible or zero, the

relationship reduces to
Cp(t2 had tl) = V(Pl - PQ) ° (26)
Solving for the temperature change. and introducing specific

gravity term results in

' (py; - Py)
ty =ty = 172, (27)

62,4 CPX

Thus, the temperature rise due to valve throttling is directly
proportional to the pressure drop considering constant fluid proper-

ties. If air is considered, then

mocpét2 - tl) + macpét3 - tl) = mov(pl - p2) . (28)

Dividing Equation 28 by mCpo yields

o

m,C
fpmtypt 228 (t5-ty)) = f-(pl - p2) (29)
MoSpa '

Again, the M2 term is so small that the term introduced by a

9 N
Mg



23

consideration of the air may be neglected. This may be seen from
the sample calculation included in Appendix A. If an adiabatic
expansion of the air through the valve is assumed, a temperature
dropvoccursc Aétually, the temperature lies somewhere betwéen
that temperature resulting from an isentropic expansion and that
resulting from an isothérmal process. Neglecting the air in the
system reduces Equation 29 to the form of Equation 27. The
temperature rise due to the throttling process of a valve is shown
in Figure 5 fér Mil~H-5606 o0il having the same properties as
previously stated. ' J

Although the effect of recirculating fluid spilling over a relief
valve back to the pump inlet was not experimentally determined in
this investigation, mention should be made of this phenomena,

Magnus made use of the term "bypass ratio", which he defined as

[
m
BR = _4 (30)
3
where
BR = bypass ratio,
53 = gystem mass flow for a given time
interval, and
ﬁu = bypass mass flow for the same time
interval,
Considering the system of Figure 6, it méy be said
myc t, = myc t, + myc t (31)
26pt2 T MySpty F mc Ty

where

o

m, = ﬁl +omy, and
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my = M.
Removing cp from Equation 31 and substituting for 52 and ﬁl results
in

(@1 toidt, = omty mt, (32)

which can be reduced to
]9n -
- = L4 - = - - v
th =ty = Mt - ty)) = BR [(tu ty) + (t3 tQ& (33)
m

Equation 19 and Equation 27 applied to the system of Figure 6

and substituted into Equation 33 yield

t, -t = BR Po T2, s P (l - ”o) . (31)
62.4yec 62,U4fc n
bs b e p o ;
However, since Py equals Pys Equation 34 becomes
(p3 - p,)
t, - t; = BR 3 " P2 . (35)
620”)‘ Cpno

Thus, Equation 35 indicates the temperature rise at pump inlet

due to recirculating a portion of the high pressure fluid through

a relief valve,
Since the pump inlet temperature increases due to recirculation of

Adding the

the fluid, the pump outlet temperature must also rise,

temperature rise across the pump to the elevated pump inlet tempera-

ture obtains the outlet temperature; quantitatively, this states

that
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3 1 62.u)c No
sr | (P37 Pp) (36)
62. 4y
Lo
which may be simplified to
(py = P2) |[BR+1-
tg -t = 3 2 Sl I (37)

‘62pﬁgqp \ Ny

Figure 7 illustrates pump inlet temperature rise as a function

of the "bypass ratio'" for Mil-H-=5606 (1),
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CHAPTER IV
EXPERIMENTAL APPARATUS AND PROCEDURE

The hydraulig power stand designed for the Boeing Hydraulic
Circult research project‘was modified in order to determine the heat
generation capabilitieé of the basic pump and valve. The power stand
was capable of system pressures up to 2000 psi and a maximum flow rate
of 13.8 gpms Pressure control was possible through the use of a pilot-
operated pressure relief valve, System flow rates were governed through
a volume control valve; however, proper settings of the afore~mentioned
relief valve and the tested throttling valve performed essentially the
same function, Desired flow rates were best obtained through correct
adjustment of eaéh of the three valves simultaneously., Temperature
control of the circulating oil, the general purpose Mil-=H-5606 petroleum
base hydraulic oil common in most aircraft systems today, was exercised
by the utilization of an oil-water heat exchanger within the system.

The power stand itself is shown in Plate I, while the schematic is
shown in Figure 8.

As noted in Equation 19, the efficiency term is of vital importance
in determining the thermal rise across a pump. The overall pump effi=-
ciency was determined through measuring motor input,‘approximating motor
efficiency, and measuring pump output rather than a dynampmeter test on

the pump alone, The reasons for determining the efficiency in such a

29
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PLATE I. HYDRAULIC POWER STAND
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manner were:
(1) 1inadequate dynamometer facilities within the laboratory
to accurately determine pump characteristics, and
(2) rvemoval of pump from the system would have: interrupted

associated research-

Input power to thé 3=phase induction motor was determined by using a
Weston Industrial Analyzer, shown in Plate II. Line current, line
voltage, and power factor in each of the three phases were determined
as well as the total kilowatt input. The kilowatt reading was used,

although input power could have been found using the relationship

=
L]

/3 EI cos 6 (38)

where

o
i

input power in watts,

t
1

line voltage in volts,

—
It

line current in amperes, and

cos 6 = power factor,

The V3 term is included as line voltages and currents Wwere measured
inétead of phase voltages and currents. Several ppwér readings were
detepmined‘using Equation 38, and the res#lts obtained compared
relativély Qell with the wattmeter readings. However, considerable
needle movemenf on the Qoltmeter, ammeter, and power factor meter
madé accurate readings difficult to obtain. .The wattmeter indicated
relatively constant values at each data pointa

Actual motor output was somewhat more difficult to determine.

Since the particular motor used is no longer manufactured, there
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PLATE II. INDUSTRIAL ANALYZLR
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were no performance curves readily available, However, efficiency
ratings at three load conditions were obtained from the manufacturer's

representative in Tulsa, Oklahoma.

1/2 Load 3/4 Load Full Load
82% 85% 86%

These three points compare favorably with the operating charac-
teristics of a three phase, 60=cycle, 230 volt, 10 hp. induction
motor as illustrated by Gray and Wallace (13), These characteristics,
as shown in Figure 8, were used to determinemthe operating efficiencies
and horsepower oufput of the actual motor in use. Input power to the
gear,pumb, which is also the output power of the electric motor, is

giﬁen by the relationship

¢ = = HP ‘
g _HPM HP o o (39)
where
g = efficiency of the electric motor,

HPM = input power to motor in hp.,

HP output poﬁer of motor in hp.,

oM

HP,
1P

it

H

input power to pump in hp.

The heat generation capabilities of the test pump, the Cessna
~gear pump shown in Plate III, were evaluated under essentially
steady~-state, adiabatic conditions. Once these conditions were
obtained, temperature and flow measurements were made for various
differential pressures across the pump-~both with and without éir

injection into the oil.
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PLATE III. EXTERNAL GEAR PUMP
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Steady~state conditions were maintained by adjusting the water flow
rate to the heat exchanger until the reservoir temperature remained
constant as indicated by the reservoir temperature probe. A constant
pump inlet temperature reading was an additional check for steady~-
state operation, which became difficult to establish once pressure
differentials of 500 psi were. reached, The injection of air into the
system made the problem of steady~state operation even more difficult
due to the decreased pump.efficiency° In both cases,; the difficulty
was a direct result of an inadequate supply of coolant water by
which the reservoir test temperature was controlled,

In order to obtain adiabatic conditions, the.pump and the suction
and discharge lines were insulated by a molded fiberglaés material,
The insulation was composed of extremely fine diameter blqwn glass
fiber bonded together with a phenolic resin, The valve and its
piping were insulated by mixing an asbestos éteam-joint cement with
water and allowing the mixture to solidify, The insulated pump and
valve test sections are shown in Plateé IV and V, respectively.

Suction and discharge pressures for the pump, along with the
upstream and downstream pressures across the needle valve, were
measured according to the recommended practices set forth by the
Society of Automoti?e Engineers (14). Piezometer rings were used
as.pressure pick=up connections to eliminate the inherent errors
in sfandara tees. The sﬁction and upstream piezometer rings were
~installed a distanée of atvleast 4 inside diameters upstream of any
connection of prbbeo Likewise9 the discharge and downstream |

connections were placed at least 15 diameters downstream of any
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PLATE IV, INSULATED PUMP TLST SECTIO!I
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PLATC V. INSULATED VALVE TEST SECTION
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connection or probe, The pressure taps were then connected to their
indicators. Calibration curves for the pressure indication system are
included in the Appendix B. The 3/4 inch elbow at the pump outlet port
was found to have the pressure drop of 3 feet of pipe (3). This pressure
drop was considered negligible, and the differential pressure across the
pump was taken as the actual difference of the values appearing on the
gauges,

Minneapolis=Honeywell, Type J, Iron=Constantan thermocouples were
used to measure the temperature differentials. across the pump and valve.
These thermocouple probes, shown in Plates IV and V, were placed with the
sensing tip iﬁ the center of the flow passage in order to measure the oil
bulk temperature. A typical installation is shown in Figure 10. In order
to facilitate temperature measurement, a thermocouple switch was used in
conjunction with the millivolt potentiometer. Once the potentiometer
was balanced, the desired temperature was determined by merely turning
the switch to the corresponding station and nulling the thermal emf. The
millivolt potentiometer, ice bath, and thermocouple switch are seen in
Plate VI, while a schematic of the thermocouple circuitry is shown
in Figure 1l. Thermocouple palibration plots are found in Appendix B.

The actual flow rate through the pump was measured by a variable
reluctance turbine meter. A propeller located in the flow passage
rotated at a rate proportional to the amount of fluid passing. The
wheel motion is sensed by a reluctance=type pickup coil, and a
corresponding voltage pulse is produced at the output terminalsﬂ(lsja
The pulses were counted on a frequency meter, fed into an amplifier,
and counted again by an EPUT meter which gave a more accurate count

than the frequency counter. The turbine meter is shown along with the
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frequency counter, amplifier, and EPUT meter in Plate VII. The
calibration data are found in Appendix B.

The ideal pump flow rate was determined by measuring the speed of
the motor and/or the pump by using a hand tachometer and multiplying

$n3
ln/

ey 35 stated

this value by the pump displacement, which is 1,70
by the pump manufacturer, The flow rate through the test valve was
determined by measuring the speed of the hydraulic motor shown in
Plate VIII, A calibration of flow rate versus hydraulic motor
rpm appears in Appendix B.

Air was injected into the systeﬁ on the suction side of the
pump by the method indicated in Plate IX, Laboratory supply air
of approximately 95 psig was connected to the pressure regulator
which reduced the pressure to the desired level of 2 to 4 péigc The
two-position air valve permitted either the injection of this low
pressure air or atmospheric air depending upon the position of the
lever, The amount of air injection was controlled by the small
needle valve mounted on the plexiglass tubing, while the small
rotameter capable of measuring from 0 to 10 ft%%r’ determined the
actual air flow. The large rotameter was originally used, but it was
not sensitive enough to measure accurately such low‘flow rétesu
Again, calibration information may be found in Appéndix B,

Several probleﬁs were encountered with the initial injection of
air into the suction side of the pump. Originally, a check valve |
was ﬁsed in place of the neédle valve. Sinee the suction line had

a vacuum of 2"-3" Hg, thevcheqk valve alternately opened and closed

.3
ft 7

- These amounts
hr

letting in amounts of air in the order of 10-12
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PLATE VII. TURBINE METER, FREQUENCY COUNTER, AMPLIFIER, DPUT METER
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PLATE IX.

AIR INJECTION SYSTEM
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produced severe cavitation within the pump itself, and correct

system operation could not be achieved, In addition to extreme

vibrations and noise, violent pressure fluctuations acréoss the pump

and throughout the system were observed. The problem was removed

by replacing the check valve by the needle valve which permitted

a much finer metering of the air., Cavitation of the pump was not

severe until air flow rates of 6 ft%% were exceeded,
. r

In making a test run, the following procedure was established:

1,

3

L,

5,

5

The ice bath was prepared by placing crﬁshed ice into

a Dewar flask pfeviously shown in Plate VI, Additioﬁal
ice was added during the run whenever needed toimaintain

a reference temperature of 32° F, |

Thé reference thermocouple was placed into the ice bath
with the sensing tip well surrounded by iqe.' The addi=
tional thermocouple circuityy was also checked, as thé
small lead wires were easily broken,

The millivolt potentiometer was then balancedvto insure
correct emf readings, d |

Theipower stand was turnmed on with the fluid bypassed‘into
the reservéir for a short time while bowef stand cperation
wés checked.

The fluid was then switched into the test section, and the
pressure and flow rate adjusted to the désired values,

The flow of water throﬁghvthe heat exchanger was then

48"

adjusted to obtain the desired reservoir temperature, usually

in the range of 72°-7u° F,



49

7. Various pressure differentials across the pump and
valve were set for a given flow rate. Common settings
’across the pump were 300, 400, 500, 600, 700, and
800 psi in that order.

8, Once steady~state conditioﬁs prevailed at each of
the settings, pressure, flow, temperature, and
electrical power measurements were taken, Potentiometer

balancing after each setting was performed as a check,

The test procedure was essentially identical with or without air
injection into the system, the only difference being periodic ghecks

to insure a constant air flow was being maintained for a given run,



CHAPTER V
EXPERIMENTAL RESULTS

The experimental test results of the basic pump and valve are
shown iﬁ Figures 12 through 37, inclusively, In Figures 12 through
21 the temperature increases due to pumping ére shown for variqus
pressure differentials across the pump, Figures 22 through 24 show the
volumetric and overall efficienciés as a funetion of the pressure dif-
ferential, The thermalvincreases across the needle valve duye to
throttling are shown in Figures 25 through 37.,

The theoretical temperature changes across a pump and valve were
calculated according to Equations 19 and 27, respectively. The
specific gravity and specific heat of the Mil-H-5606 hydraulic oil
were evaluated at the mean temperature existing across the component;
that is, the' fluid properties would be evaluated at 75° F. for fluid
entering a‘pump'at 73° and exiting at 77°, These properties, as a
function of temperature, are shown in Appendix C and were taken from
data coﬁgiied in the Boeing Document T3-1292 (16),

For clafity; pump test runs in which no air was injected are
preceded by the letter P in the figures, while tests ingluding‘air '
entrainment are designated by PA, The individual valve tests,follow
the same notation with the letter V replacing the letter P,

It was assumed that no air was initially entrained within the

oil. This assumption appears valid when considering the reservoir

50
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design and the flow requirements of the system. The baffled reser-
voir helped prevent system aeration by restricting the return oil
surge into the tank. An additional design feature tending to
prevent aeration was the submersion of the return line in the oil,
thus allowing no splashing to occur. At maximum operating conditioﬁs
the system flow rate did not surpass 13,5 gallons per minuté,.and
the reservoir oil capacity was maintained at approximately 57,8
gallons., Therefore, the oil was allowed to remain in the reservéir for
an average time of 4,28 minutes before being recycled through the
system, Any air contained within the oill should have been removed in
this time interval,

Runs P-1 through P-5, shown in Figures 12 through lG; indicate
that there is definitely a heating of the oil due to the pumping
process, However, the heating effect is shown to be considerably
more than that 'indicated by the theoretical ecalculatioms, As can
be seen, the repeatability of the data is good. Test runs PAfi
through PA-5, shown in Figures 17 throygh 21, indiqaté that entrained
air within the system increases the temperature rise acress a pump for
a given pressure differential above that occurring with no air entrain-
ment. Again, the heating effect is coﬁsiderably highér than théoreti*
cally expected. However, several possible explanaﬁions for these
discrepancies exist.

In determining the theoretical temperature ipcrease due to pumping
to 8 desired pressure level, Equation 19 was used, For.a given pres-
sure differential, the témperature change is dependent upon three
variablgsé%specific gravity, specific heat, and overall pump efficiency,

Since fluid data was taken from that provided in the afore-mentioned
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Boeging report and not from specimens of the oil used in the actual
testing, the values of the specific gravity and specific heat are
possibly in ervor. Although it is doubtful that the fluid properties
of the test fluid are exactly those used in the calculations, the
true values probably differ very little as the oil was not sub-
jected to degenerative tests,

The efficiencies used in the theoretical calculations were

determined by the relationship

HP
N = out (40)
HP,
in
where
n, = overall pump efficiency,
Hpout = horsepower output of the pump, and
HPin = horsepower input.of the pump.

Pump output was accurately determined by the flow and pressure
measurements indicated in Chapter IV, Thus, the motor efficiency
curve previously assumed appears as a logical source of error,
pafticularly in lieu of the fact that only three known data points
were available., In addition, the power requirements for which
efficiency values were needed fell within the assumed portion of
the curve,

Experimental error can almost entirely be attributed to the
tempehature measurement. Although the Minneapolis-Honeywell thermo-
couples are reportedly accurate to 4% of the total temperature measured,

inspection of the thermocouple calibration curves in the Appendix B



indicate that the individual thermocouples read almost identical
values. Therefore, it can be reasoned that the temperature 4if-
ferentia; measured was. accurate, although the individual tempera-
ture measurements might well have been in error.

As stated in Chapter IV, the thermocouples were placed in the
center of thevflqw passage in order to measure the bulk tempera-
tures. It is possible tﬂat thevgensing tip of the thermocouples
were not located in the conduit centers, but the work of Hughes (17)
indicates that the temperature profile for the fluid is essentially
flat except for the region near the wall, Inspection of the test
section indicated that probes remained near the centér of the fiuid
passages and therefore probably measured the existing bulk tempera-
tures.

The major source of error in the measurement of temperatures
appears to be in the use of the millivolt potentiometer as a thermo=-
couple output indicator., The potentiocmeter, although an éxtremely
accurate instrument, was able to record only one emf output at a
time by a manual balancing of the unit. Therefore, a period of
20-30 seconds elapsed before additional thermocouple readings were
taken, Although steady-state conditions prevailed, the temperatures
at the various stations were observed to fluctuate as much .as 0.5
degrees indicating a possible accumulative error from pﬁint to point.
Likelihood of slightly greater error existed at the higher pressure
differentials due to the increased difficulty in maintaining steady-
state operating conditions., Finally, the balancing dial on the

potentiometer could be moved as much as 0,007 millivolt without
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appreciably changing fhe zero balancing position, This movement
corresponds to a 0,233 degree error or a total error of 0,466
~degree between two successive stations.

The injected air was obsepvgd to remain in the upper portion of
the suction line indicating that a uniform oilwair mixture did not
exist at the pump.inleto Since the 0il and air remained in so-
called layers within the suctionvline, it is probable that the pump
inlet thermocouple measurements were affected due to the air sur-
rounding the thermocouple and thereby changing the film coefficient
around the probe., As Schanzlin stated, entrained air does not
immediately dissolve into fhe oil at the pump discharge, but often
remains in globule form for some distance, Therefore, similar
statements can be made concernipg the pump discharge thermocouple,
However, once equilibrium conditions were reached, this pé?ticular
source of error should have been alleviated.

Due to the properties of the insulating materials and the small
temperature differential (at most, 3=7 degrees) between the system
temperature and the ambient temperature, the adiabatic assumption
was valid because little heat was allowed to cross the system boundaries.
A sample calculation is shown in Appendix A.

Although the experimental data did not correlate closely with the
assumed theoretical values, the results obtained were promising. The
addition of air increased the temperature rise for a given pressure
differential as expectegl° The theoretical and experimental curves had
almost identical shapeso The gradually decreasing slopes of the curves

were due to the increased overall pump efficiency as the pump neared its
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rated load.

The volumetric efficiencies for the test runs are shown in Figure
22, indicating the adverse. effect of air entrainment. The overall
efficiencles as determined from the assumed motor efficiency curve
are shown in Figure 23, while those required to give the experimentally
determined thermal increase are shown ‘in Figure 24, In either case
the overall efficiencies increase as the pump nears its rated oper-
ating condition.

The results of the valve tests are shown ip Figures 25 through
37. Initilally, the temperature differentials across the valve were
determined by measuring the output of the two thermocouples on separate
potentiometers. Tests V-1 through V-4 were performed in this manner,
while the temperature differentials of the remaining valve tests
were measured using one potentiometer and the switching circuit., As
can be seen from Figures 25 through 30, runs V-1 through V-6 indi—
cated temperature differentials slightly less than the expected
theoretical values. However, runs V-7 through V-10 and VA-1l through
VA-3 resulted in temperature differentials somewhat higher than
expected., Alr entrainment appeared to have no definite effect upon
the heat generation capabilities of the needle valve. |

All valve tests were run for a test section flow rate of
4,7 gallons per minute. Since a portion of the fluid was bypassed
downstream of the pump, it was assumed that the alr was divided in the
same proportion as the fluid, This assumption implies that the air
has had ample time to become mixed in the oil,

Many of the arguments previously made concerning temperature

measurements can be applied in explaining the discrepancy between
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experimental and theoretical results for the valve. The Inability of
the potentiometer to simultaneously measure both upstream and down-
stream temperatures appears as the most logical explanation although
it does not adequately explain the large scattering of data. Again,
the calibration curves for the thermocouples were almost identical
indicating little error in a differential temperature measurement,
When two potentiometer units were used, each unit was chegked

against the other, and both were found to read essentially the

identical temperature.

Representative tabulations of the experimental results are

shown in Table I and Table II of Appendix D,



CHAPTER VI
CONCLUSTONS AND RECOMMENDATIONS

The heat generation capabilities of the gear pump and needle.
valve were adequately described by the theoretical relationships
in Equation: 19 and Equation 27. The temperature increase due to
pumping is a function of the overall pump efficiency for a givén
pressure differential and a given fluid, The effect of entrained
alr upon pump operation is to reduce the volﬁmetric efficiency of the
pump, thereby decreasing the overall pump efficiency and inereasing
the temperature differential at a given pressure level,

The temperature increase due to the throttling process of the
needle valve is directly proportional to the pressure drop across
the valve. Test results were inconclusive in determining the effect
of entrained air upon the heat generation capabilities of the valve,

In review, the results obtained consideredbonly adiabatic and
steady~flow conditions, and only the common Mil-H-5606 petroleum base
hydraulic oil was used as a fluid media,

In regard to future studies of this nature several recémw
mendations canvbe made. Accurate and reliable temperature measure-
ments could best be obtained through the use of a continuous reading,
multi~channel recorder. Such an instrument would alleviate the
problem of continually baiancing the potentiometer and the errors

introduced due to the time differential in measuring successive
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temperatures.,

The power stand should include adequate heat-exchanger capacity to
maintain steady~state conditions at a desired reservoir temperature for
system pressure differentials as high as 2000 psi. The various
components should be tested at these high pressure levels to accurately
determine the large heating effects as modern systems commonly operate
in the 2000~3000 psi range.

A necessity in the pump testing is the accurate defermination of
input and output power in order to evaluate the overall pump efficiency.,
Finally, air should be injected into the system in the form of
finely divided bubbles in order to guarantee a uniform oil-air mixture.
This could be accomplished by placing a separate screen at the point of

air injection,
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APPENDIX A
SAMPLE CALCULATIONS

Calculation 1:

As stated on page 16, the term

(3) -0

was neglected in Equation 14, The fact that this term can be
neglected is illustrated in the calculations based on the
following assumptions:

1. Pressure differential of 800 psi and averagé
temperature of 80° T,

. £t3
2, A specific volume of 0,01825 B
A m
3. A volume expansivity of 0.3% x 10”3 %? .

This is the value for a light oil and was used
since no data of this type was available for Mil-H=-
5606,

Since the volume expansivity, B8, is'expressed as
1 [ av) _ ’
B =7 5t/ | : (A-1)

then

By = (%% (A-2)

Therefore, the neglected term is rewritten as

75
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tgv (py - pl)c Thus,

tgv (p, - py) = (540)(.390 x 10~3) (1.925 x 1072)

(A=3)

(800)(778/144) = 0,601 %%E

m

If the latter term had not been neglected, the temperature rise
across the pump cculd have been expressed as

. (py =~ py) |1 - ng (L+tp)

t. = (A=4)
2 1 62,4
cp X n

o)
Calculation 2:

m
The Tivterm was neglected based on calculations made from actual

m
Q

test data. This ratio was determined using the largest air flow
rate and the smallest oil flow rate, The oll flow rate was found
to be :

T 2 (A“S)
= . = 84,0 ;
m 12.1 gpm 8 o v

The air was injected at a vacuum of 2" Hg and a temperature of
75° F, considering the air as an ideal gas, then

\Y
hy = B Eégzgg ggg;; Egg) = 000576 .. (A=6)
where
V = volume flow rate
R = gas constant,
Thus,

= = 6,8 (10~%) (A=7)

My 5,76 (1073)
% 8,40 (10

¢}

Calculation 8:

The pump and valve were considered as spheres having a thermal
conductivity of



25 btu

77

hpr=-ft-°F

Since the conductivity was so high, it was assumed that no

temperature gradients existed in the pump and valve housings and

that the exterior temperatures .for both were esSentially the same

temperature as the fluid passing thrqugH themp. The additional

assumptions were.:

1.

7.

80

1

Room temperature = 72° F,
Pump temperature = 75° F,
Valve temperature = 79° F,

Thermal conductivity of insulation material =

btu
0,22 smmimee. o
hr-ft=°F _
Qutside radius of insulation on pump = 5 inches.
Inside radius of insulation on pump = 4,0 inéhesq

Outside radius of insulation on valve = 3,5 inches.,

“Inside radius of insulation on valve = 3.0 inches.,

Using the relation for pure radial heat conduction

- unkrlrQ

-t : A=y
e ) | )

in which K = thermal conductivity. The heat losses for
the pump and valve are - '

un(.22)(1/3)(5/12)

q, ® (75 = 72) = 13.8 o=

P (5/12 - 1/3) = 49.8 "hr (A-9)
_oum(,22)(3,5/12)(1/4 ; '

qy = - ) (17%) (79 - 72) = 33,8 E;E% . (A=10)

(3.5/12 - 1/u)
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APPENDIX C

FLUID PROPERTIES
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TABLE T

RUN PA-3

EMF OUTPUT PUMP FLOW PUMP AND MOTOR POWER PUMP EFF. FLUID PARAMETERS
UesTream {Downsteain CP$ ?PMEM Qrer Qr Kw PF HPACT HPu | HPe || Ny e ‘-'.’l‘i>0P Pooun |[AP [P Ata | Qair
1,110 } 1,172 167 18751 12.5 | 13.8}3.00| 445 4,020} 2.94{ 2.196{] 90.6] 7u.61 .983] 300 | 301} 71.33]2.07] &
. 19.0 | - J o :
208 1
] E E H ® . .
1,106 | 1,182 166 | 1875 12.4 | 13.8|{3.70} .515] 4.960] 3.80] 2,196 89.9| 75,8} .983 | 400 | 401} 71.20{2.53] 4
{19.8 :
209 |
1.120 { 1.201}f 166 | 1875 | 12,4 | 13.8|l4.35 | .565| 5.830| u.57| 2.880} 89.9| 79.4|{ .983| 500 | 501} 71.67{2.70} u
21,0 \ |
3 - 210
1,107} 1.201]] 165 | 1875 12.35] 13.8 {497 .610} 6.660) 5.33] 3.630 s0.5] 81.3]] .983] 600 | 601} 71.23}3. 18] &
22,2 '
209
1.111 | 1.219]t 164 | 1875 | 12.3 | 13.8 [i5.57 | .665] 7.470{ 6.01| u.330] 89.1] 83.8]l .983 700 | 701} 71.37]3.60] &
: 23,2 - :
208
1.120 | 1.2uulf 163 1875 | 12.2 | 13.8 ||{6.45 | .700] 8.640| 7.03| 5.035 | 88,5} 81.4}| .983 | 800 | 801} 71.67}4.13] &4
1 : 2 u‘ . 8 E ]
208 |
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TABLE 11

RUN V-2
EMF OUTPUT , “VALVE FLUID PARAMETERS

| Downstream| Upstream Pup P down 7 P tup -. tiom| ° Qair
1,299 1.256 299 y2 257 76.2 77.95 | 1.875 0
1,294 1,247 3u8 45 303 75,9 77.7 |2.205 0
1.310 1.253 400 49 351 76.10 | 78.33]2.56 0
1.299 1.239 400 49 351 —| 75.63 | 77.95 2,555 0
1.314 1.2u6 1462 49 413 . 75.866 | 78.u686[ 3.00 0
1,335 1.259 513 52 uéi 76.3 | 79.17 | 3.36 0
1,342 1,255 573 52 521 76.17 | 79.u0 | 3.80 0
1,372 1.274% 635 50 585 76. 80 80.40 | 4,25 0
1,386 1,276 708 49 659 76.8% 80.87 | .80 0
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APPENDIX E
EXPERIMENTAL APPARATUS

Hydraulic Power Stand:
Designed and built by graduate research assistants at
- Oklahoma State University, Stillwater, Oklahoma,
Electric Motor:
Manufacturer: WestinghouseElectric Corporation
Type: CS, Serial No. 5308, Style 1071064, 3~phase
inductor type, 20 hp., 220/440 volts, 24,5/49 amps,,
60 cps. ' _
External Gear Pump:
Manufacturer: Cessna Aircraft Company
Model L20106
Pressure: 2000 psi
Maximum Speed: 2750 rpm :
Displacement: 1.70 in3 per revolutions.
Thermocouples:
Manufacturer: Minneapolis-Honeywell Regulator Company
Type J, Iron-Constantan
Style: Megopak, Quik=~Konnect.
Millivolt Potentiometer:
Manufacturer: Leeds and Northrup Company
Model . 8686,

. Thermocouple Switch:

Manufacturer: C. J. Tagliabue Manufacturing Company
12-position switch,

g0



7. -Industrial Analyzer:
Manufacturer: Weston Electric Instrument Cprporatlon
Type 2, Serial No. 357, Model 639,

8, Turbine Meter:
Manufacturer: Fischer and Porter Company
Mecdel 10C1505, ‘

9, Turbine Frequency Counter:
Manufacturer; Tischer and Porter Company
Model S=4huK,

10, Amplifiers
Manufacturer: Hewlett~Packard
Mecdel 450A, '

11, EPUT Meter:
Manufacturer: Beckman~Berkley Division

. Model 5210D, oo

12, Hydraulic Motor:
Manufacturer: Webster Electric Company
Type 2HCSF-3, Serial No, 104725BY4,

13, Hand Tachometer:
Manufacturer: James G, Biddle Company
Serial No, 104725BH,

14, Rotameter:

Manufacturer: Gelman Instrument Company
Range: 0-10 ft3 per hr,
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