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Notation

A

Ceq

Cp
in

out

KE

m

e

NOMENCLATURE

Heat transfer area, sq. ft.
Equivalent thermal capacitance, Btu/oF
Specific heat, Btu/lbm/oF
Rate of thermal energy entering a component, Btu/min.
Rate of thermal energy leaving a component, Btu/min.
Rate of thermal energy storage in a component, Btu/min.
Rate of thermal energy transferred from a component, Btu/min.
Constant for dimensional consistency, 0.000643 Btu/sec/in—lbf-
min.
Constant for dimensional consistency, 0.0167 hr/min.
Kinetic energy, Btu/min.
Mass, 1b
m

Mass flow rate, lb,/min.
Flow rate, gpm.
Time, min.

. L o
Ambient temperature, F

o

Coolant temperature, F

. o
Fluid temperature, F

o

Wall temperature, F
Overall heat transfer coefficient, Btu/hr/sq. ft./°F

Velocity, ft/sec.
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Notation

Wi” Input work energy, Btu/min.

wout Output work energy, Btu/min.

AP Differential pressure, psig

AT Differential temperature, °F

il Pump efficiency

p Mass density, lbm/gal.

ZHg Total rate of heat addition, Btu/min.

Subscripts

A Port A of open-center valve
Air Air

B Port B of open-center valve

C Coolant

F Fluid

i inlet

H Liquid-to-air heat exchanger
L Liquid-to-liquid heat exchanger
o Outlet

p Pump

R Reservoir

T Tank

w Wall

1 Orifice 1 of open-center valve
2 Orifice 2 of open-center valve
3 Orifice 3 of open-center valve
b4 Orifice & of opén-center valve

Orifice 5 of open-center valie

Ul
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CHAPTER I
INTRODUCTION

Until recently, the design engineers of fluid power components and

systems paid scant attention to thermal cohsiderations of their products.

ﬁg};xaiionwtgwkgggwpqre about thermal phenomena in hydraulic systems is a

result of the desire for higher system operating pressures and efficien-

cies. It is known that higher system pressures bring with them increases

in fluid temperatures. Systems with insufficient or inefficient cooling

and operating at high pressure can subject circuits to high fluid temper-

atures. If a hydraulically powered machine continues to operate at high

‘

temperatures, a host of temperature-induced probléms can arisetmwgenefal

system performance degrades; oil based fluids separate; there is a greater ?

frequency of material failures; combustion and explosipn possibilities are
increased; and personal safety hazards are greatly amplified. These are.
a few problems that arise from using high powered, high pressure, and
high temperature hydraulic systems. Thus, it can be seen that there is a
necessity for system designers to bavé simple tools for accurately pfe—
dicting temperatures in fluid power systems.

The fundamental systems theory concepts of lumped—parametervstatic
and dynamic modeling are well suited for thermal analysis of fluid power

components and systems. This, combined with the basic laws of heat

transfer and thermodynamics, enables the derivation of thermal models for

prediction of temperature as well as heat transfer. Neither of the above



concepts is new to the fluid power industry. Static or steady-state
thermal analysis has been used to aid in sizing heat exchangers and
other components. The basis for component sizing is that an.dperating
system will reach steady-state conditions, and the flﬁid temberatqre is

the average temperature at some point in the system. The reservoir is
b ;
. . ‘ s
usually the point at which an average temperature measurement is made

since the bulk of the fluid in most systems is held by the reservoir.
Steady-state analyses are useful in some parameter identification

but cannot be used to determine component or system time constants.

Nothing is learned about the transient fesponse of a system to an input

or set of inputs, and localized hot spots can go undetected. A math-

ematical model (lumped-parameter, distributed—pafameter, finite differ-

ence, etc!) that can be solved and that provides the desired accuracy is

obtained by applying engineering judgment to the component or system.
Hydraulic components and systems are distributed-parameter in nature

and are most accurately modeled by nonlinear algebraic and/or high-ordered

partial differential equations. The results provided by the solution of

such equations are quite accurate but are often impossible to obtain due

to a number of unknown parameters in the model. The purpose of this thesis

is to present a general lumped-parameter modeling technique that is appli-

cable to steady-state and dynamic thermal modeling of components as well

as systems. Such models are obtained by "lumping" the thermal capacitance

and conductance (reciprocal of resistance) of an element into distinct

parameters and proceeding with the model development. Thus, the parameters

involved are few and can be determined from steady-state and dynamic test

data.

The approximations made by lumping parameters in a model for a



component or a system are shown to be good if there is reasonable agree-
ment between experimental data and predicted results of the model. Better
lumping is done by dividing the component or systém into sections and
formulating a model for each. The total model is then obtained by com-
bining the models for each segment. All of the lumped-parameters in such
models are difficult to obtain, and the.models are generally of high-
order. Consequently, it is desirable to combine elements into groups of

components and to obtain a model for the group rather than to model each

individually or in segments.
Examples of component lumped-parameter thermal modeling and system \

J )

lumped-parameter thermal modeling are presented in the following pages;//

The incorporation of a lumped-parameter component model into a complete
system model is shown to be a problem of manipulation. Steady-state and
dynamic test data are used for the identification of parameters for
component and system models and are used in their verification.

The following chapter presents a brief survey of previous work in

both steady-state and dynamic thermal analysis and modeling of hydraulic

systems. Chapters 111, IV, and V contain the major efforts of this
" . ”

o et

thesige .
st

Chapter Il1I presents the derivations of steady-state and dynamic
lumped-parameter thermal models for several components and explains the
conditions for which they are valid. The components that are modeled
include liquid-to-air and liquid-to-liquid heat exchangers, a pump, and
a reservoir cooled by natural convection. Total system steady-state and
dynamic lumped-parameter thermal models with and without heat exchanger

dynamics are presented in Chapter IV. Chapter V discusses the results of

an experimental testing program for component and system model



verification., Parameters for compoﬁent and system models are identified
from steady-state and dynamic test data. A comparison is ma;e of dynamic
test data to the results of computer simulations of various models.
General conclusions and recommendations are made in Chapter VI. Appendix
A gives a derivation to show that one of the total system models is less
than second-order. This is not applicable to all systems, but it does
apply to one of the systems considered in this study. Appendix B

discusses the instrumentation that was used for experimental thermal

analysis.



CHAPTER I1I
PREVIOUS INVESTIGATION

There exists a great deal of literature concerning steady-state and
transient temperature analysis for a number of physical phenomena. How-
ever, if the fieid is limited to the subject of thermal analysis of fluid
power systems, it is found that there is a small amount of literature
available. To complicate the situation further, the majority of this
information concerns itself with steady-state thermal analysis. Thus,

published information on the subject of dynamic thermal analysis of

s e

hydraulic systems is scant indeed. . .....

e b o AT

Perhaps the most encompassing work on thermal analysis of hydraulic

components and systems has been done by Parker and McQuiston (27). This
study is extensive and sufficiently general to be applicable to any com-

ponent or system thermal analysis, but it is based on the steady energy

L

equation. As a result, this report is_relevant(égii?for’stg?dy—state
thermal analysis. However, due to its generaliti; it can be considered
as a summary of the state of the art for steady-state thermal analysis of
hydraulic components and systems.

Magnus presents an analysis similar to those of Parker and McQuiston
(26) (27) aiong with some experimental results for pressure versus tem-
perature characteristics of hydraulic fluid due to pumping. A steady-state

analysis of the "727B" hydraulic system is done by Abiodun (1), who pre-

sents a computerized algorithm to predict steady-state component and



system temperatures. The computer program developed here uses lumped-
parameter models but is highly specialized to treat only a specific
system. Consequently, the program is inapplicable for any other analysis.
Graphical methods for calculating steady-state system temperatures are
shown by Wood (31) to provide rapid and reasonably accurate predictions
of hydraulic system temperatures.

A technique for determining the steady-state efficiency of pumps or ;f
motors from temperature, pressure, and flow measurements is described by f
Stern (29). 1In addition to the measurements of these physical variables,
"the thermodynamic properties of the working fluid must also be known.

The construction of an enthalpy-temperature (h-T) diagram for Mil-H-5606
hydraulic fluid from the Maxwell relatiqns is presented. The method for
constructing h~-T diagrams for hydraulic fluids is aﬁplicable to all avail-
able fluids. The advantage of this fechnique is that knowing the inlet
and outlet fluid pressures and temperatures gives the enthalpy and

entropy increases in the fluid. A direct measurement of the input and
output work of a pump or motor was obtained from the increases in enthalpy
and entropy since the external surface of the pump was insulated to min-
imize heat transfer to the atmosphere. Thus, the steady-state efficiency
of the test machine was determined independent of the shaft torque and
speed characteristics, which are generally used for efficiency calculations.

Norgard (24) presents a discussion similar to Stern's and applies
the method to a hydrostatic pump. .Experimental data is given for this
application. The attractiveness of the method presented by Stern and
Norgard is that the power loss for any component can be determined.

However, the major drawback of the method is that it is relevant only to

components and systems which are operating at steady-state conditions.



Steady-state thermal analysis is important, but more significance
should be given to dynamic thermal analysis. Mathakia (18) derives
dynamic lumped-parameter models for predicting wall temperatures and
outlet fluid temperatures of components based on a knowledge of inlet
conditions and application of the unsteady energy eéuation. The methods
that are presented show the existence of transient femperatures, but the
procedure used for identifying the unknown heat transfer coefficients is
not discussed. Ebbesen (7) gives a more recent summary of the state of
the art in steady-state thermal modeling and advances a basic theory for
dynamic modeling of components from applications of the unsteady energy
equation. This work is left open for changes and further development.
The same author presents an approach for identifying some parameters for
dynémic thermal component models from steady-state test data (5). A
lumped-parameter dynamic thermal model for a fluid power pump is also
presented by Ebbesen (6). Basic mathematical modeling considerations
are stated, and an experimental procedure is advanced for verifying the
analytical model.

Heat exchangers are probably the most influential sources on tran-
sient and steady-state temperatures. Much work has been done in heat
exchanger analysis for a variety of industrial uses. The techniques of
heat exchénger analyses done outside of the hydraulic industry can be
adapted and applied in the thermal analysis of fluid power systems.

Finlay and Smith (9) present a complex linear, distributed-parameter
model for one side of a heat exchanger and demonstrate the effects of
disturbances in flow rate through the exchanger. They also mention the
concept of thermal capacitance, but no use is made of it mathematically.

Gilles (12) uses an analogous approach to the above in developing a



thermal model for a heat exchanger. The linear, partial differential
equation that is obtained is then solved by Laplace transforms.

Thal-Larsen and Loscutoff (30) deviate from the classical method of
using distributed-parameter, partial differential equations to model
hgat exchangers and derive a linear, ordinary differential equation
model. Simplication of a partial differential equation to an ordinary
differential equation model is done by Stermole and Larson (28). This
simplified model is verified by experimental data for a steam-water héat
exchanger. Messa et al. (21) present a scalar pulse testing method to
determine the frequency response of several heat exchanger configurations.
The differential equation model used here was fitted to experimental data
to give the dynamic response of the exchanger.

Computer simulation of a thermal model for a concentric tube heat
exchanger was done by Wood and Sastry (32). A lumped-parameter model
was obtained from the simplification of a distributed-parameter model,
and it was numerically solved by a digital computer using finite dif-
ference techniques.

The exchanger models presented by the above mentioned authors are
only a few of many that have been derived. The models cited here are
representative of those commonly used for modeling the dynamic thermal
behavior of heat exchangers.

The dynamic models presented in the articles discussed above are
first or second-order, linear, ordinary differential equations or
fourth-order, linear partial differential equations. The models are
applicable to thermal énalysis of fluid power systems provided that the
heat transfer coefficients of the exchanger being studied are used in

the equations of the model.  The disadvantage of some of the models is



that they are too complex to use in constructing a dynamic thermal model
for a system employing a heat exchanger.

From the foregoing discussion it is apparent that experimentally
verified dynamic thermal models for components and syétems have not yet
been advanced by the hydraulic industry. The literature survey presented
above exemplifies that most of the previous work in thermal analysis of
fluid power machinery has been concerned with steady-state rather than
dynamic analysis. Published literature on the subject of hydraulic
system thermal analysis is not voluminous, and less information exists
for dynamic thermal analysis of fluid power systems. Consequently,
system analysts and designers have few usable tools for performing dynamic
thermal analyses of hydraulic systems and are left with the recourse of
inventing and developing methods which meet the demands of téday's
technology.

The following chapter presents the derivations of lumped-parameter

steady-state and dynamic thermal models for several fluid power components.



CHAPTER III

DEVELOPMENT OF STEADY-STATE AND DYNAMIC

COMPONENT MODELS

The lumped-parameter modeling concept is an ideal basis for the
development of steady-state and dynamic thermal models for fluid power
components and systems. Since hydraulic components are distributed-
parameter in nature, considerable mathematical simplicity is achieved
with lumped-parameter models. Only the inputs, outputs, and initial
conditions need to be considered in a mathematical model. The resultant
equations which constitute the component or system model are in a form
suitable for digital or analog computer simulation. Disadvantages of
lumped-parameter models are that they are less accurate than distributed-
parameter models due to the "lumping!" of parameters, and at higher fre-
quencies such models often break down (34). Lumped-parameter thermal
models for the hydraulic components and systems studied in this investi-
gation are considered to be sufficiently accurate since rapid transients
and high frequency inputs will not be encountered.

It is assumed that the thermal capacitance and thermal conductance
of components or systems can be lumped into distinct parameters. In
this chapter, steady-state and dynamic thermal models are derived from
this basis for the components which, when used in a system, dominate the

dynamic thermal behavior of any hydraulically powered machine. The

10
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components that are modeled include heat exchangers, a reservoir, and a
fluid power pump. The simplifying assumptions for each model derivation

are clearly stated at the beginning of each development.,
Heat Exchangers

Most heat exchanger analyses are based on distributed-parameter,
linear partial differential equations, %ﬁe NTU (number of heat transfer
units) method, or the log mean temperature difference (LMID). Due to
the complexities of distributed-parameter modeling, a simpler model is
desired but not always obtained. While LMTID and NTU analyses are easier
to perform than distributed-parameter analyses, more simplified analyses
can be done by lumping the thermal capacitance and the thermal conduc-
tance of an exchanger into separate parameters and using the arithmetic
mean temperature difference (AMTD) approximation to the LMID of an
exchanger. The criterion which must be met to ensure less than a ten
per cent difference between the AMID and the IMTD for a liquid-to-air or

a liquid-to-liquid heat exchanger is given by Geidt (11) as follows:

T
fiH
> 9 (1a)
Tfl - T1mb
H “H
or
TfiL'
>
Tfi - Tco ? (o)
L

where all the temperatures must be in degrees Fahrenheit.

In the following pages, a liquid-to-air and a liquid-to-liquid heat
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exchanger are modeled using the above approximations. The differences
between the two models are that the thermal capacitance of the air
(coolant) in the first case is assumed to be negligible in comparison

to that of the liquid, and the exchanger has only one output. The
capacitances of the coolant and the working fluid are considered in the
second case while this exchanger has two outputs. The models are devel-
oped in a parallel fashion to show these differences,

The following assumptions are applicable for either or both types
of heat exchangers:

(1) Radiation effécts are negligible.

(2) The atmosphere serves as an infinite heat sink.

(3) The thermal capacitance and the thermal conductance can

be lumped into two respective parameters (the latter of
which is flow rate dependent (28)).

(4) All the thermal energy brought in by the fluids is

carried away by the fluids (i.e., there is no other
method of heat transfer).

(5) The specific heats of the working liquid and the cooling

liquid are constant.

(6) Two phase flow does not occﬁr.

The steady-state and dynamic models derived below .are invalid for
low liquid flow rates since some of the terms of thevmodel equations are
inversely proportional to flow rate. Thus, as the flow rates approach
zero, some of the terms would approach infinity, and the models would be
invalid.

Figure 1(a) represents a liquid-to-air heat exchanger enclosed
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Figure 1. Representation of (a) a Liquid-to-Air Heat
Exchanger, (b) a Liquid-to-Liquid Heat
Exchanger
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within a control volume. The rates of energy entering, leaving, and
being stored in the exchanger are shown in the figure (the notation used
is defined in the list of nomenclature). The kinetic energy of the air
moving through the heat exchanger is caused by a fan and is included to
give a complete picture of the energy exchange. However, since the kinetic

energy of the air is conserved, the following equation is obtained:

2

my Yy oY (2)
) 29 air 29 air

In order to minimize the number of parameters involved, it is assumed that

the energy storage term of the liquid-to-liquid heat exchanger can be

approximated by CeqL TL. This is approximately true if the bulk tempera-

ture of one fluid is constant. Hence, an energy balance for the exchanger

is written as follows:

C = C T UA_ AT
P pffH eqy ATy + k) UARAT,+ 0.Q.Cp, T fo,, (3)
where
Tf1H + TfoH
ATH = 2 K TambH (4)

is defined as the AMID of the exchanger.

Figure 1(b) represents a counter flow liquid-to-liquid heat
exchanger and also shows the energy input, output, storage, and transfer
rates of the exchanger. The products expressing these rates would be the
same regardless of the exchanger configuration being considered.

An energy balance for the exchanger is written in two parts as follows:

Q = CeqLAi‘L+k UA_AT Q (5)

Pr prffL 1 ALPLY Pr prffL
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chcCpc Tci—+k1 AL ATL pc QcCpc Tco (6)
TflLﬂ+TfoL TC,+ T o
i C
where ATL-- > - 5 : (7)

is defined as the AMTD of the heat exchanger.

To use state variable representation, each exchanger can be consid-
ered as a system having inputs, outputs, and a state vector (where the
state of the system describes the outputs at any poirit in time). The
quantities which are inputs to the exchangers are chosen to be Qf, Tfi ,

H

T 2, Q , T ., and T . . Having the inputs, the energy balances given

ambH c ci flL

by Equations (3), (5), and (6) can be used to derive steady-state and
dynamic thermal models for the liquid-to-air and the liquid-to-liquid

heat exchangers.

Steady-State Analysis

At steady-state conditions, the storage rate of thermal energy in
the exchangers is zero, and the energy balances for the liquid-to-air
and the liquid-to-liquid exchanger simplify to the following equations:

f  f fo

prfcprfiH = K, UAAT, + pr Cp_ T ] (8)

prprf(Tfi - TfoL) = chcCpc(Tco-Tci) = kl UAL ATL (9)

From Equations (4) and (8), the steady-state outlet temperature of the

ligquid-to-air heat exchanger is obtained as follows:
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/1 E&.Efﬂ.;) T ‘+ E&.Eﬁﬂ_ T
N prQpr ) f1H Pe prf ambH
Tfo = (10)
H k1 UAH
N
Peg-Pe

The steady-state model for the liquid-to-liquid heat exchanger con-
sists of two algebraic equations: one for the outlet temperature of the
working liquid and one for the outlet coolant temperature. The first
equality of Equation (9) gives the following:

P£CP¢
T =T, +=—=——==(T_. -T_ ) (11)

co ci chcCpc i fo,

Substituting this value for T_  and the value for AT, from Equation (7)
into the first and third parts of Equation (9) yields the steady-state

outlet temperature of the working fluid:

k, UA . LT k, UA < prprfﬂT
0,80, ei L' 2paCr p.Q Cg /4 iy
Tf = A Q< (12)
°L 1 L/ Pre~Pe~

+ : +
2p,Q:Cre N p R 0P,

This quantity, when substituted into Equation (11), decouples the equa-

tions for Tc and Tfo , and the second equation of the steady-state model
L
is obtained as follows:

*" . A LT kg VAL~ prpr£> :
- — + ¢ - - .

i i 2 Cp, ~ Qcp /Jri
pacp. | i PRgley i L PrRCPy PecPe L (13)
T =T, £f f; k., UA p.Q Cp

co i+ T op LA, PP~

1 +

e}
¢}
¢}

2p ReCre \ PR N
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'

The steady-state thermal models for the liquigd-to-air and the
liquid—to—liquid heat exchangers are given by Equations (10), (12),
and (13), respectively. The difference between the exchanger models is
that the latter requires two equations since it has Tco and Tfo as

L

outputs while the former has only one output, Tfo .
L

Dynamic Analysis

The basic equations for deriving dynamic thermal models for the two
exchangers are given by Equations (3), (4), (5), (6), and (7). The only
other definition needed for each exchanger is that of a state vector.
ATH and ATL conveniently serve these purposes.

Considering the liquid-to-air heat exchanger first, a dynamic model
can be derived from Equations (3) and (4). An algebraic expression for

is obtained directly from the definition of the state vector ATy,

T
foy

i.e.,

T = 2(AT + T ) - T . (14)
foH H ambH le

Using this result in Equation (4) yields the following first-order non-
linear differential equation:

BTy = [zprprf(TfiH } TambH) - (2pQ,Cpp + k; UALIAT, ]/Ceqy
(15)

Simultaneous solution of Equations (14) and (15) gives the dynamic
response of a liquid-to-air heat exchanger for any input or set of
inputs.

A dynamic model for a liquid-to~liquid heat exchanger can be

derived from Equations (5), (6), and (7). Rewriting Equation (6)
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gives the outlet coolant temperature in terms of input quantities,
component parameters, and the state vector ATL:

k,UA
1L AT (16)

T =T L

. A ———
co ci chcCpc

By solving Equation (7) for T and substituting for TCo given by

fo,, ,
Equation (16), gives Tfo also in terms of inputs, parameters, and the
L
state vector ATL, i.e.,
T 2 T /2‘ + gl N AT T (17)
= + ———— -
. 1 / L i
foL ci A pCQCCpC flL

Substituting the quantity Tfo given by Equation (17) into Equation (5)
L

results in the following first-order, nonlinear equation:

AT it 2l (T T ) - k. A + 0.QCp. 2+ el T
= TCon T s P .
L CeqL flL ci 1 L fff chcCpc JCeqL
(18)

Equations (16), (17), and (18) constitute a lumped-parameter dynamic
model for a liquid-to-liquid heat exchaﬁger while a lumped-parameter
model for a liquid-to-air exchanger is given by Equations (14) and (15).
Simultaneous solution of these two sets of ‘equations yields the predic«
tions of the AMTD and the outlet temperatures of each exchanger at any

point in time.
Reservoir

Perhaps the most influential component, excluding heat exchangers,
on overall system thermal performance is the reservoir. 1In systems with

no heat exchangers, the heat loss from a system is transferred from the
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!
reservoir. Cases where this is not true are systems with long lines,
with reservoirs that contain only a small volume of fluid, or with
actuators that hold large volumes of fluid.
The simplifying assumptions for this analysis are tabulated below:
(1) All heat loss occurs through the mechanismof convective heat
transfer to th'e atmosphere (i.e., radiation effects are negligible).
(2) The only additionof thermal energy to the reservoir is from
incoming fluid (internal heating elements are not considered).
(3) Perfect mixing of the fluid is assumed. This means that the
bulk fluid temperature of the reservoir is approximated by the
arithmetic mean of the inlet and outlet fluid temperatures.
{4) All thermal conductance and capacitance effects can be lumped
into two parameters, UAR and CeqR, respectively, and the former
is flow rate dependent (28).
The above assumptions are general enough to enable the lumped-parameter mod-
eling concept to be applicable to any reservoir. The case of internal reservoir
heating can easily be handled by accounting for it in an energy balance.

Figure 2 represents any system reservoir in general, and an energy

balance for the control volume includes four terms:

Cp T .. = Cp T = C T UA_ AT
Pl fig Pe Py fo, eqp Mp + ky UAp 4Tp (19)
where:
T T
flR * foR
= e . T
ATR 2 ambR (20)

In Equations (19) and (20) inputs to the reservoir are defined as

T . . .
Qf, fiR, and TambR for the same reasons given in the previous analyses.

Using these definitions, steady-state and dynamic thermal models for any
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reservoilr can be derived.

Steady-State Analysis

At steady~state conditions, the capacitance term drops out of the
energy balance and an expression for the outlet fluid temperature can be

determined as a function of inputs and parameters, i.e.,

,, UaA k. UA
G- Gaer T, 5t
. SPpp P’ Ilp  QPpp-Pp 3Mbp
T = Ux (21)
R J R
. R
PP

This equation represents the steady-state lumped-parameter thermal model

for a reservoir.

Dynamic Analysis

To model the transient behavior of a reservoir, the heat storage
capacity of the reservoir must be included in the analysis. Defining
ATR as the state vector of the reservoir for similar reasons to those of
the analyses given earlier, an algebraic equation for the outlet fluid

temperature can be written directly from Equation (20), i.e.,

T = 2(AT_ + T ) - T, (22)
foR R ambR flR

Substituting this quantity into the energy balance given by Equation (19)
results in a first-order differential equation which describes the

transient behavior of a reservoir:

AT = [2prpf(TfiR - TambR) - (ky UA + 2p.Cp )ATp]/Ceay (23)



Equations (22) and (23) form a dynamic thermal model which is applicable

to any reservoir.

Fluid Power Pump

In performing any system analysis it is advantageous to have a
qualitative knowledge of the steady-state and dynamic characteristics of
the components which constitute the system. Based on this information,
the components that are influential in the dynamics of a total system are
often immediately apparent. This observation is for any system and is a
necessary condition for lumped-parameter thermal analyses of fluid ppwer
systems. The significance of this generaiization is shown below in a
thermal analysis of a positive displacement pump.

The assumptions for the development of a lumped-parameter steady-
state and dynamic thermal model for a pump are tabulated belowf. Most of

{

the following assumptions were first presented by Ebbesen (6), who
advanced the basic theory for a lumped-parameter, dynamic thermal model
for a fluid power pump. The list of assumptions gi;en here is more
extensive than that given by Ebbesen, and the steady-state and dynamic
models that are derived are considered to be refinements of this earlier

work.

(1) Radiation heat transfer is negligible.

i

(2) The environment serves as an infinite heat sink.

(3) The external pump wall temperature is the bulk temper-
ature of the pump body.

(4) The bulk temperature of the fluid in the pump is approxi-
mated by the arithmetic mean of the inlet and outlet fluid

temperatures (i.e., perfect mixing is assumed).
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(5) The fluid is incompressible and frictionless.
(6) Kinetic and potential energy due to elevation are
negligible.
(7) The bulk temperature of the fluid contained by the
pump exceeds the pump body temperature. Thé basis
for this assumption is that pump inefficiency is due
principally to the viscous shearing of the hydraulic
fluid. Consequently, thermal energy is generated by
the flﬁid and then transferred to the ﬁump body.
(8) It is assumed that the case drain can be connected to
the pump ouflet. The pump outlet temperature is then
the fluid temperature immediately downstream of the
connection (i.e., perfect mixing occurs at the
connection).
A thermal analysis of a fluid power pump can be divided into two
separate parts: (1) an energy balance for the pump body, and (2) an
energy balance for the fluid. In accordance with the above assumptions

the energy balances are written as follows:

UA AT, (24)

1

Pump body: k UAf ATf = Ceqw ATW + k1

Fluid: Ceq, AT, + k

_ i-1
1 UAf ATf = szfAP( m )

+ prprf(Tfip --Tfo ) (25)



2k

where: . AT, =T - T (26)
p
Tflp * Tfop

AT, = 5 - T, (27)

Equations (26) and (27) are approximations to the temperature differences
since Tw and the mean of the inlet and outlet fluid temperatures are also
approximations.

The inputs for the steady-state and dynamic models are defined from

Equations (24) and (25) as Q., AP, T.. , and T , while the outputs are
f fi, am

b
p
the pump wall temperature and the outlet fluid temperature. This infor-

mation is sufficient for performing steady-state or dynamic thermal

analyses of a fluid power pump.

Steady-State Analysis

At steady-state operating conditions, the energy balances for the
pump body and the fluid, respectively, reduce to the following

equations:

UA. AT, = UA_ AT, (28)

i-n -
k, UA. AT, =k, Q AP( m ) + prprf(Tfip L ) (29)

Using the quantities defined by Equations (26) and (27) in (28) yields
an equation for the pump body temperature in terms of the outlét fluid
temperature. A similar substitution of ATf into Equation (29) gives an
algebraic expression for the outlet fluid temperature as a function of

inputs and component parameters, i.e.,
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k) UA, UA k. UA_ UA
0 P~ TTOA T UA ) Tri 4+t ¥ g 1
T B f W p  (UA et UAW) ambp+k2QfAP(——T-1)
o =
% * UA_UA (30)
Q.c 1 f w
Prse pf+2(UAf+UAw)

Substituting this result into the intermediate equation for the pump
body temperature gives the second of the two equations which represent

the steady-state thermal model for a pump:

k UAf UAw k1 UAf UA

1~
—— — M AP (=——
UA [prprf 2(UA. s UA) “ti *TUA 7 UAD) Tamb ' X2RefPCT)
T - f £ W P f W p
w‘z(UAf+UA) k, UA_ UA
w Qc . 1 f W
Pee“Pr * 3(UR. + UA )
f w
VA, VA,
+ (31)

* (UA_+UA_) Tamb  * 2(UA+UA ) ‘fi
w P f w p

Dynamic Analysis

Before any dynamic analysis can be done a state vector must be
T
L ATWJ

to minimize the manipulation of equations. Two algebraic equations

defined for the pump. is defined as the state vector for the pump

which are part of the dynamic model are obtainable directly from

Equations (26) and (27), i.e.,

T, = AT+ Tamb (32)
Tfo = z(ATw + AT, Tamb ) - Tfi (33)
p p p

The differential equations for the model are obtained from substituting

Tw and Tfo into Equations (23) and (24). The results of these
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substitutions are given by two first-order, coupled differential equa-

tions that are as follows:

- - 1w A 2
oty = LkZQpr(_..;]_n) + 2pqucpf(1\ﬁp - AT, - Tambp) - (2p Q. Cp,+k UAL) ATfJ/Ceqf.
' (34)
AT =k, (UA, AT, = VA AT )/Ceq (35)

Equations (32) through (35) form the dynamic thermal model for a fluid
power pump.
The following chapter incorporates some of the component models

derived in this chapter in the development of total system models.



CHAPTER 1V

DEVELOPMENT OF STEADY-STATE AND DYNAMIC MODELS

FOR COMPLETE SYSTEMS

There are two approaches to the formulation of lumped-parameter
thermal models: (1) the system can be modeled as a wholé or (2) a
system model can be derived by combining component models. Examples of
each are presented in the following pages.

Two open-center system configurations are presented, and steady-
state and dynamic thermal models are derived for each. The systems that
are treated are an open-center system without a heat exchanger and with
a liquid-to~air heat exchanger. The components comprising the system are
a positive displacement pump, a relief valve, a four way open-center
directional control valve, and a load valve (needle valve) across the
work ports of the directional control valve. A schematic of the system
without heat exchangers is given in Figure 3.

The assumptions applicable to each development are stated prior to

the derivations of the system models.
Total System Without Heat Exchangers

This system will be modeled using the first approach mentioned
above. Thermal analysis of a total system differs slightly from

individual component thermal analyses in that more terms enter into an

27
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energy balance for a complete system than for a single component.

Consequently, the steady-state and dynamic thermal models may become

more complex than those for a component.

The simplifying assumptions for the formulation of thermal models

for the system illustrated in Figure 3 are listed below:

(1)

(2)

(3)

(4)

(6)

(7)

(8)

(9)

All frictional losses 'due to component ingfficiencies
can be considered as heat addition to the system.

The working fluid isvincompressible.

All heat is transferred to the surroundings from the
reservoir; a constant overall heat transfer coefficient
is applicable to the reservoir.

The thermal capacitance and thermal conductance of the

system can be lumped into one component, the reservoir.

The pump acts only as a constant heat source in addition

to pressurizing the fluid. All the input energy not

used for this purpose is converted to heat.

There is no flow through'the relief valve.

The bulk temperature of fluid in the reservoir is the
arithmetic mean of the inlet énd outlet fluid temperature.
The outlet fluid temperature of one component serves as
the inlet fluid temperatureé to the next (i.e., heat
transfer from interconnecting lines is negligibie).

The environment acts as an infinite heat sink.

An_ energy balance for the system is obtained by analogizing this

thermal system to an electrical system and applying Kirchoff's current

law to the circuit. In such an analysis three distinct quantities enter
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into the energy balance for the system. The first is the heat added
within the system by component inefficiencies; the second is the heat
transferred from the system to the environment; and the last, thermal
energy stored in the capacitance of the system.

To obtain a thermal model for the system, the heat addition
transfer, and storage rates of the system must be defined. These defini-

tions are provided by the following equation:

YHg = Ceqp A"rR + k, UAp AT, (36)

1

where AT, is defined by (20). From Figure 3 it can be seen that the
temperature of the flﬁid entering the reservoir at any point in time is
the reservoir outlet temperature plus the temperature increase caused by
the addition of thermal energy as‘the'fluid passes through the system.

This is represented by the following équation:

T = T _tHg (37)

fiR B foR * prprf
To ascertain the total rate of rate addition, ZHg, it is useful to
consider the wheatstone bridge analogy of an open-center directional
control valve. This analogy is depicted in Figure L4, and the sources of
thermal energy in the system are recognizable. The amount of thermal
energy added to the system is the sum of fhe heat added by the orifices
and the pump. The thermai energy added per unit time by each element is

given below:

1-
Pump: Qf(—-ﬁﬂ)(Ps- Pk,

Orifice 1: Ql(PS--PA)k2
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Orifice 2: QZ(PS - PB)k2

Load: Q1 PL kz, x>0
Q, P ky, x <O
PL = sgn{x}lPA - PBI
x > 0, Q1 = QQ, Q2 = Q3 =0
x < 0, Q2 = QB’ Q =9q,=0

Orifice 3: QZ(PA - PT)kz
Orifice kL: Ql(PB - PT)k2
Orifice 5: QB(PS - PT)k2

From these definitions, the total rate of thermal energy added to the

system is written as follows:

THg = kZEQf(}-;]—n)(PS- Pp) + Q{(Pg-P,) + (Pp- pT)} +Q{ (Pg - Pp)

+ (pA-pT)} + P (Q +Q)) +Q5(PS—PT)] (38)

The values for PS’ P PB, Ql’ Qz, and Q. can be determined if supply

5

flow rate Qf, spool displacement x, and valve load, PL’ are known. A

A’

modified version of the open-center valve computer program developed by
Iyengar and Miller (16) is capable of calculating the unknown flow rates
and pressures as well as computing the rate of heat generated by the
system.

The preceding discussion is also relevant for cyclic operation of
the system (i.e., the inputs vary in a periodic fashion). The thermal
energy added by one cycle can be calculated from Equation (38) by using

the average flow rates and pressures for one cycle. Consequently, the
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average rate of thermal energy added to the system is a constant for a
given length of time for both constant and cyclic system loading.
System inputs are defined as supply fiow rate Qf, differential pump

pressure (P_-P,.), valve spool displacement x, system load, P,, and

S T L’

ambient temperature Tamb . Steady-state and dynamic thermal models for
R

an open-center system without heat exchangers can now be derived.

Steady-State Analysis

In steady-state operation the energy balance for the system reduces

to the following equality:

PfoCpf(TfiR'TfoR) =k, UAg & Tp (39)

From this and Equation (20), the outlet fluid temperature of the
reservoir is obtained as a function of system inputs and inlet reservoir

temperature as follows:

(prQprf - kU AR)Tfi + 2k, UAp Tamb
R R
UA.)
R

fo (2p Q. Cp. + k,

Using Equation (37), the expression for the reservoir outlet fluid

temperature is as follows:

’ s 1
T =T ¥ - ) THg (40)
fop  “ambp Nk U A, 20.Q.Cp

Combining Equations (37) and (40) yields an algebraic equation for the

inlet temperature to the reservoir:

1

e
T, = Tamb + & (L1)

1
+ ! THg
R R Ap 2p.9,Cp/
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Equations (40) and (41) form the steady-state thermal model for the

system shown in Figure 4.

Dynamic Analysis

To perform a dynamic analysis, a state vector must be defined for
the system. ATR is a suitable quantity to consider as a state vector
since using this quantity as the state vector minimizes the algebra in
formulating a dynamic model.  An expression for the outlet reservoir
temperature is obtained by substituting Tfi given by Equation (37) into

R
Equation (20). Solving for T., vYields the following result:
R

*H ‘
T = AT + T —1. e (42)
foR R ambR prQprf

Using this expression for Tfo , an equation for the inlet reservoir is

R
obtained from Equation (37) as the following:

TH
T . = AT+ T b (43)
fip R ambp, 2prprf

The differential equation for the system results from rewriting Bquation

(36) as follows:

AT = (ZHg -k, UAp ATR)/CeqR (Lk)

It should be noted that the average rate of thermal energy added to
the system is constant if the supply flow rate is constant. Then the
differential equation given by (44) is a linear, ordinary differential

equation that has an exact solution. This solution is written below:
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-k, UAp
. —_—t
_ _tHg _ _XHg , Ceqp !
ATR(t) = K, UAR + (ATR(O) K, UAR)e ] (45)

where ATR(O) is a known initial condition.

Total System With a Liquid-to-Air

Heat Exchanger

The model development here will follow the second schenme indicated
at the beginning of the chapter. Addition of a 1iquid—£o—air heat
exchanger to the open-center system of Figure 4 results in a more
general and a more complex system. The lumped-parameter modeling tech-
niques used previously are still applicable and are considerably less
cumbersome than a distributed-parameter model would bé. Figure 5 shows
a schematic of an open-center system with a liquid-~to-air heat exchanger.

The assumptions for analyzing the system given in Figure 4 have
been stated for the cases of the liquid-to-air heat exchanger and the
preceding total system analysis.

To perform a lumped-parameter analysis of the system, it is
advantageous to model the system in two parts: (1) the heat exchanger,
and (2) the remaining components of the system. The energy balances
that are obtained by dividing the system in this manner are given by

Equations (3), (44), and the following equation:
prprfoi = prprfoo + XHg (46)
R

In Equation (20), the inlet reservoir temperature T _, is T
flR fQH

system. The only changes that occur because of the combination of these
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Open-Center System With a Liquid-to-Air
Heat Exchanger
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two models are the system inputs. The inputs to the system are-Qf, AP,

x, Pp, PH , T , and Ta

g amb . VWith the inputs and energy balance equa-

H mbp

tions defined, steady-state and dynamic thermal analyses can be done.

Steady-State Analysis

At steady-state conditions; the storage rates of thermal energy are
zero, and the energy balance for the system simplifies to the following

equations:

prprf(TfiH" TfoH) ko UALATy (47)

PQ:CP (r, -T_. )

f f foH foR kl UARATR (48)

Substitution of AT, and AT into Equations (47) and (48) result in
algebraic equations for the steady-state temperatures at the inlet and
outlet ports of the exchanger and the reservoir.

Exchanger inlet:

1

T.. =
£i 2prprf(UAH4-UAk)k1

- U
[kl UAp(2p.Q:Cry - Ky UAR)TambH"ki Ak
ZHQ(prQprf+k1 UAR)(prQprf+k1 UAH)]

(20,9,Cp; + Ky UAH)TambR * 2p,Q.Cp,

(49)

Exchanger outlet (reservoir inlet):

2k1 UAH

. . (20,Q.Cp. -k, UA,)
fo, (2p.QCp. +k, vA,) “amb

+
2p,Q.Cp k(WA +UA ) (20.Q.Cp +k, UA)

H

r |
| Cp, -k, UA)T ,
1 Au(2p5QCpp - kg UAp) amb, " X1 AR(2peQsCrp Ky U‘-A-R)TambR

THg(2p,Q . Cp, +k, UAL) (2p.Q.Cp, +k, UAH)] (50)

+
zprprf
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Reservoir outlet:

-

1

T =
fop~ 2p Q. Cp k (UA, +UA

b

M -
R) kg UA,(2pQ Cp. -k, UAR)Tam :

+ k, UAR(prQprf +k, UAH)TambR

o :—(prQprf +ky UAR)(prQfCPf +ky UAH) - ltprprfkl( W, +UAR)1]
+ 2R prQprf J

(51)

Equations (49}, (50), and (51) comprise the steady-state model for an

open-center system with a liquid-to-air heat exchanger.

Dynamic Analysis

The previous dynamic models that have been presented have state
vectors defined in terms of differential temperatures in order to mini-
mize the complexity of the models. The dynamic model for the system
considered here deviates from this procedure by using absolute temperature.
If the differential temperature approach was employed, the algebraic equa-
tions that are part of the dynamic model cannot be easily aecoupled.

The system formed by combining the heat exchanger and the open-
center system contains two thermal capacitances, but in spite of this
the system is not second-order. This is demonstrated in Appendix A.

The inlet temperature to the exchanger is defined as the state vector
for the system and enables the decoupling of the algebraic equations
for the model. A first-order differential equation model results from
using the heat exchanger inlet temperature as the state vector.

The rate of thermal energy added to the system is a constant for
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constant or cyclic loading conditions if the system flow rate is constant.
In the following development it is assumed that these two inputs are
constant.

Substituting AIH and AT, into Equations (3) and (4k) gives two
differential equations for the inlet exchanger temperature in terms
of exchanger and reservoir outlet temperatures. The reservoir outlet
temperature is eliminated by solving quation (46) for it and substituting
this result into both differential equations. Equating the differential
equations gives the outlet exchanger temperature as a fuﬁction of the

state variable Tfi , System inputs, and system parameters:
H

CeqH(ZQfoCpf-rk UA )+CeqR(2prprf ky UA )

T
- + + U
fo H CeqH(prQprf k UA) CeqR(prQprf k A) f1

( k UA\
- UA
ZH 2-+ C f/ CeqH4-2k (va CeqH ambR HCeqR ambH);

] (52)

CeqH(prQprf--k1 UAR)-+CeqR(2prCpf-+k1 UAH)

An algebraic equation for the reservoir outlet temperature is obtained

by rewriting Equation (46) as follows:

*H _
T = T . ___.9_ (53)
foR f1H prprf

Differentiating Equation (52) and substituting for Tfo into one of the
H
previously mentioned differential equations gives the following first-

order differential equation for the exchanger inlet temperature:
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T B
k1(UAH* UAR) [CeqR(prQprf+k1 Ul\lvl){‘é‘.k1 UApTamby * )::Hg\z + __—prpr)f
e
. - * C
f£i, (CeqHa-CeqR) fiy L hprf P,
K. ( c UA.)(Ceq. UA. T . +Ceq. UAT .
+ ky(2p Q. Cp -k, UAp)(Ceqy UAp T b ap VA, amb /
H (54)

(CeqH-+CeqR)CeqR

To solve this set of equations, the inputs, system parameters, and
initial condition for the exchanger inlet temperature must be known.

The scope of the experimental testing program presented in the
following chapter is to provide steady-state and dynamic test data fog
identifying parameters for component and system models. Another major
goal is to verify the dynamic models that have been presented in
Chapters III and IV. 1Included in the verification of the models is the
substantiation of the general lumped-~-parameter dynamic thermal modeling
technique. It is also desired to verify that systems can be modeled by

interfacing component models or by modeling the system as a whole. -



CHAPTER V

EXPERIMENTAL VERIFICATION

There are several basic goals of experimental thermal testing.
Steady-state data are invaluable for some parameter identification and
often serve as the basis for dynamic model formulation. Dynamic test
data are used for identifying component and system dynamic models and
test the accuracy of the models. If experimental data and analytical
predictions differ, there are two reasons for the discrepancies: (1)
the model formulation is not accurate or (2) the parameter identifi-
cation scheme was not successful. The modeling procedure can be repeated
after appropriate corrective measures have been taken.

This chapter has two major subsections which include discussions of
component steady-state and dynamic testing as well as total system
testing. The identification of unknown component and system parameters
from steady-state test data is also presented. Experimental data from
dynamic thermal tests of various components and systems are compared to
the predictions of their respective mathematical models. Close agree-
ment between the measured data and predicted results verifies the math-
ematical model, while large discrepancies between the two indicate that
the model is invalid, unsuitable for modeling the phenomenon, or incor-
rectly formulated. A discussion of the instrumentation used for the

experimental testing program is given in Appendix B.

L1
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Component Testing

Liquid-to~Air Heat Exchanger

Ligquid-to-air heat exchangers transfer thermal energy to the
atmosphere by free convection or forced convection. Steady-state tests
were conducted for both methods of heat transfer, and dynamic thermal
tests were made for forced convection heat transfer only. Results of
these tests are presented in the following section and are used to iden-
tify unknown parameters, which are later used to Veri%y the lumped-

parameter model that was derived in Chapter III.

Steady-State Tests

Several steady-state tests were run for different fluid flow rates
through the test exchanger for free convection heat transfer. The inlet
and outlet fluid and thé ambient temperatures were recorded for every
test. In all cases the outlet fluid temperature exceeded the inlet
fluid temperature (i.e., the exchanger acted as a heat source).

Tests were run for the same flow rates with forced convection instead
of free convection heat transfer. A circular fan with a constant angﬁlar
velocity was the source of air flow over the heat exchanger. The fan was
placed at such a distance that the eritire frontal area of the exchanger
was subjected to the air stream. The free stream velocity of the air
was determined by taking the average of several Vélocity measurements
at the heat exchanger surface. These measurements were made with a
rotary anemometer.

Steady-state tests with forced convection heat transfer differed

significantly from the natural convection tests. The outlet fluid



temperature was found always to be lower than the inlet temperature

except for fluid flow rates greater than twenty gallons per minute.

A number of tests were run using different fluid flow rates.

The
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results of these tests were used to identify the thermal conductance of

the component. Table I summarizes the steady-state test results and

shows the UA _ for each test.

H

SUMMARY OF STEADY-STATE TESTS FOR A LIQUID-TO-AIR

TABLE I

HEAT EXCHANGER

Q m . T . T T UA
Test f air f1H foH ambH H
#
gpm cfm °F °F °p Btu/hr/oF
1 3.87 2195 104.9 102.4 81.0 91.2
2 7.87 2195 97.7 97.3 81.5 38.4
3 7-93 2195 128.8 127.3 95.5 73.2
A 11.62 2195 115.7 114.5 78.8 83.4
5 15.32 2195 124.7 124.2 84,2 42,6
Average ——— - —— - - 65.8

It was noted in Reference (28) that the overall heat transfer

coefficient U is flow rate dependent. Therefore the UA product also

varies with flow rate. Since the range of flow rates used in all of the

experimental testing was small (5 - 25 gpm), variations in UA were also
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expected to be small. This justified the use of the average UA in the
verification of the dynamic model for the liquid-to-air heat exchanger

as well as the other dynamic models discussed in the following pages.

Dynamic Tests

Forced convection dynamic thermal tests were run with the input
being an increase in the inlet fluid temperature generated by throttling
the flow through a needle valve upstréam of the exchanger. The fluid
flow rate through and the flow rate of air across the heat exchanger
were held constant. Different fluid flow rates were used for the various
tests. The test run chosen for identifying CeqH was representative of
all other tests (i.e., average flow rate, initiél conditions, and gir flow
rate). An initial estimate of the thermal capacitance of the exchanger
was made by taking the product of the specific heat and mass of the fluid
contained in the component. This estimated value of CeqH and the average
value of the conductance parameter from the steady-state tests were used
in the simulation of Equations (14) and (15) to compare experimental and
predicted temperatures. DYSIMP (8) was used for simulating the model.
fhe simulation Qith the first estimate of CeqH gave food final values
but large discrepancies in transients. iTherefore, the specific heat
times the mass of fluid in the heat exchanger was not a good estimate of
the equivalent thermal capacitance of the exchanger.

Another approach to the identification of the capacitance parameter
was taken by devising a simple Eulerian integration scheme to solve
Equations (14) and (15). Since only one parameter needed to be identified,

several hand calculations using this scheme converged upon a value of
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19.82 Btu/oF for one test trajectory. This value was then used to
simulate Equations (14) and (15) for all of the test conditions. The
results of the simulactions showed good agreement betﬁeen computed v;lues
and experimental data. iTable II gives a summary of the average, maximum,

and final value errors between predicted and measured ATH and Tfo « The
H

data from test number %4 were used for identifying the thermal capacitance
parameter. Figure 6 shows typical test results compared to analytical
model predictions. The close agreement of the predicted and measured
values shown in Figure 6 and summarized in Table II substantiate the
lumped-parameter dynamic model for the test exchanger.‘ The méximum tran-
sient error was 14.25 per cent while the maximum steady-state error was
3.66 per cent.

Since the dynamic model for the exchanger is first-order (equivalent
to an RC electrical circuit), the time constant is determined by dividing
the capacitance by the conductance (i.e.,T= 18.1 minutes). The model is
linear only if the fluid flow rate and the ambient temperature are

constant.

Ligquid-to-Ligquid Heat Exchanger

A number of exchanger configurations have been désigned to maximize
exchanger effectiveness, which Parker et al. (25) define as the actual
heat addition divided by the theoretical maximum heat addition for the
cold fluid. Parallel flow, counter flow (which is the most effective
design), and cross flow schemes as well as a combination of parallel and
counter flow into multipass elements represent a few of many heat exchanger
designs. The test exchanger was a 1 shell-2 tube pass, parallel-counter

flow component with manufacturer's specifications of 132.8 square feet



TABIE II

ERROR SUMMARY FOR LIQUID-TO-AIR HEAT EXCHANGER SIMULATIONS

Test AMTD Outlet Temperature

’ Average % Maximum % Final % Average % Maximum % Final %

Error Error Error Error Error Error

1 1.81 3.09 2.55 0.83 1.45 1.23

2 3.91 14,25 3.66 1.54 Lok 1.98

3 2.67 5.62 2.64 1.48 3.04 1.63

L 2.14 10.01 0.0L 0.73 3.03 0.02

5 2.03 14,24 2.07 0.97 3.47 1.47

6 1.29 k.13 1.81 0.7k 2.02 1.16

9%
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for heat. transfer, and an overall heat transfer coefficient of 100
Btu/hr/ftz/oF for all applications.

The exchanger was subjected to steady-state tests to determine the
experimental lumped thermal conductance of the coﬁponent. Dynamic tests
were also run for the exchanger to identify the equivalent lumped thermal

capacitance parameter.

Steady-State Tests

A series of steady-state test runs were made for varipus fluid and
coolant flow rates through the exchanger. In all of {he tests the
hydraulic fluid flowed through the tube bundle and was throttled through
a needle valve, while the coolant flowed through the shell side of the
exchanger. The coolant and fluid flow rates and the inlet coolant tem~
perature were constant for each test. Data recording was not begun
until the inlet and outlet fluid and coolant temperatures stabilized at
relatively constant values.

Coolant flow rates altered from zero to twenty gallons per minute
while fluid flow rates ranged from five to forty gallons per minute.
Four tests were run, and Equation (9) was used to calculate the thermal
conductance for each test. Table III gives the calculated UAL for each
test as well as the average UAL.

Comparison of the average UAL of Table III with the manufacturer's
specified UA, of 1380 Btu/hr/°F shows a lafge disagreement between the
two. Error in temperature measurements is the probable cause of the
disagreement between the experimental and the specified UAL. The

experimental UAL was used in verifying the dynamic model for the

exchanger.
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TABLE III

SUMMARY OF STEADY-STATE TESTS FOR A LIQUID-TO-LIQUID
HEAT EXCHANGER

Qf QQ TQi TCo Tfi Tfo UAL

Test p P . p
# gpm gpm °p F F F Btu/hr/ F

1 11.10 10.17 88.0 95.0 111.2 104 . 4 2212.8

2 13.21 9.18 88.0 104.0 134.6 122.0 2274 .6

3 2k.31 7.7k 93.0 111.2 136.4 125.6 ' 1219.2

4 ah  LhL 10.29 90.0 105.8  136.4 123.8 2551.2

Average - - - -- - - 2064.0

Dynamic Tests

The fluid and coolant flow rates were held constant for all of the
tests, and a number of tests were run with increasing and decreasing
fluid temperatures.

Dynamic test data can be used for identifying unknown paraﬁneters and
in verifying the accuracy of the models. Using thé value of UAL deter-
mined from steady-state tests, the equivalent thermal capacitance
parameter was identified in a manner similar to that of the liquid-to-air
heat exchanger. One set of dynamic test data was used in a computer
simulation for optimizing CeqL. The parameter optimizing feature of
DYSIMP (10) was used to determine ngL based on an integral squared

error performance index of the following form:
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t
PI = rf (a7 - AT, )2at (55)
%0 meas model

The thermal capacitance parameter CeqL was found to be 17.916 Btu/oF
and the value of the performance index was 18.477. %om this value of

CeqL and the experimental UA the time constant for the exchanger was

L’
found to be 0.521 minutes with constant coolant and fluid flow rates
and constant inlet coolant temperature constraints. |

A computer simulétion was done for each tes% using the above values
of conductance and capacitance. The measured input data to the exchanger
was used as an input to the model for simulation. An integration step
size of 0.05 minutes was used in all of the computer simulations. An
error analysis section was incorporated into the program to compare
measured data with predicted values.  The log mean temperature difference
(IMTD) was calculated from raw data and compared to the AMTD that was
predicted by the model. Table IV gives a summary of the average, maximum,
and final value errors between predicted and measured outlet fluid and
outlet coolant temperatures as well as a.comparison of the IMID with
the AMTID. Test number 8 was the data set corresponding to the trajectory
that was used to identify the thermal capacitance parameter.

Figures 7 and 8 showisome typical results of the trajectories of the
experimental and predicted temperatures for two different temperature
inputs. Figure 9 shows the effect of a sudden increase in coolant flow
rate through the heat exchanger. Although the effect this change had
on the outlet coolant temperature was significant, it can be seen that
the outlet fluid temperature was only slightly affected. The good agree-

ment of the predicted and experimental results shown in these three



TABLE 1V

ERROR BETWEEN EXPERIMENTAL DATA AND PREDICTED RESULTS FOR A
LIQUID-TO-LIQUID HEAT EXCHANGER

Differences Between AMTD

Outlet Coolant Temperature

Outlet Fluid Temperature

and IMTD

Run Average Maximum Final Value Average Maximum Final Value Average ~Maximum Final Value
No. % Error % Error % Error % Error % Error % Error % Error % Error % Error
1 0.41 0.12 0.7k 1.70 0.06 L. k49 5.56 5.56

2 0.71 0.87 0.75 0.74 2.28 0.06 L.9L 7.91 3.88

3 1.26 0.52 1.20 2.61 4 .85 3.23 0.80 1.61 0.63

L 1.48 1.67 1.67 2.86 L34 3.4k 1.02 2.32 0.69

5 0.63 0.72 0.55 0.97 2.33 2.15 0.53 1.12 1.12

6 0.12 0.16 0.12 0.67 2.64 0.10 0.59 2.22 0.62

7 0.13 0.18 0.13 1.02 2.12 1.46 0.87 2.21 1.38

8 0.01 0.07 0.01 0.84 3.03 0.54 0.33 1.53 0.07

9 0.01 0.03 0.00 1.21 2.05 2.05 0.81 2.26 1.45
10 0.15 1.11 0.00 0.75 3.27 0.74 0.57 1.61 0.55

18
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figures and summarized in Table IV verifies the lumped-parameter dynamic
model of a liquid-to-liquid heat exchanger.

The mathematical analysis of this type of heat excﬁanger is not as
difficult as a distributed-parameter analysis, but it does provide a
reasonably accurate dynamic model. The application of this simplified
approach to thermal analysis of heat exchangers is useful to designers

of fluid power systems.
Reservoir

Only steady-state tests were made for a hydraulic system reservoir,
and these results are discussed below.

Three steady-state tests with different flow rates were conducted for
the test reservoir. The results of these tests indicated 1little or no
measurable difference between inlet aﬁd outlet fluid temperatures. No
attempt was made to identify the lumped thermal conductance of the res-
ervoir from the steady-state data since the differential temperatures
between the inlet and outlet fluid streams were less than the resolution
of the temperature sensors. However, the reservoir was considered an
integral part of the systems that were later tested. The conductance
parameter was identified from steady-state test data for one of the test

systems and is discussed in a later section.

Pump

Assuming a low overall efficiency, the thermal energy added to
a system by a pump is generally small. For example, using a pump
efficiency of 0.90, a flow rate of 20 gpm, and a differential pressure

across the pump of 1000 psig, an estimate of the expected fluid
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temperature rise is only 1.4 oF, which is below the 1.8 °F accuracy of
the temperature sensing devices used in the testing program.

Most fluid power pumps have overall efficiencies greater than
ninety per cent, and consequently, the temperature increase of the fluid
as it passes from the inlet to the outlet port would be even less than
1.4 degrees. As a result, it was felt unnecessary to conduct sﬁeady—

state or dynamic thermal tests for a hydraulic pump.
Total System Testing

Total System Without Heat Exchangers

Thermal tests on the open-center system shown in Figure 3 were
conducted for constant and cyclic system loading. Operation of the
system with a constant load means that the following quantities were
held constant: system flow rate, differential pressure across the con-
trol valve, and the displacement of the valve spool from its center
position.

In all of the system tests presented below, the mass of fluid in
the system reservoir was kept the same. The importance of this is that
the thermal caﬁacitance and conductance of the system are dependent upon
the mass of fluid in the reservoir. Thus, a loss of fluid means a change
in the capacitance and conductance of the system, and variations of these
parameters from one test to the next would have resulted in drastic
changes in the models.

Cyclic loading conditions were imposed on the system by driving the
valve spool with a scotch yoke mechanism sketched in Figure 10. The
system flow rate was adjusted when the control valve spool was centered,

and the load valve was set when the control valve spool was in an extreme
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position. Tests were begun when the motor driving the scotch yoke was
activated.

Temperature measurements were made at the inlet and outlet ports of
the reservoir and at the inlet port to the control valve. The pump was
treated as a constant heat source with an overall efficiency of ninety
per cent. Heat losses from inter-connecting lines were assumed to be
négligible since no measurable temperature difference existed between
the control valve outlet port and the reservoir inlet port. As a result,
the outlet temperature of the control valvé was also the inlet temperature
to the reservoir. The ambient room temperature was the reservoir ambient

temperature and was recorded for all of the tests.

Steady-State Tests

Steady-state tests were run with different system flow rates, con-
trol valve spool displacements, and.load pressures. Based on the data
from these tests, the lumped thermal conductance parameter of the system
was identified. The procedure for identifying this parameter has been
discussed for the cases of liquid-to-air and liquid-to-liquid heat
exchangers. Equation (39) was used to compute the numerical value of
UAR for each test. Table V summarizes these computations, and the average
value of the thermal conductance of fhe éystem was 190.5 Btu/hr/oF.

In the derivation of the thermal models for this system one of the
assumptions was that the thermal capacitance and the thermal conductance
could be lumped into one component - the reservoir. Consequently, the
value of the lumped thermal conductance obtained from these system tests

can be used to verify the reservoir and the system dynamic thermal models.

The difference between the two is in the inputs for each. The inlet fluid
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temperature, fluid flow rate, and ambient temperature are the inputs for
the reservoir, while the inputs for the system model are ambient tem-

perature, flow rate, control valve spool displacement; and load pressure
across the control valve. Only the system model is verified below, but

in effect, the reservoir model is also validated with this verification.

TABLE V

SUMMARY OF STEADY-STATE TESTS FOR AN OPEN-CENTER
SYSTEM WITHOUT HEAT EXCHANGERS

Q TfiR TfoR Tamb Uhg
Test

# gpm °p °F p Btu/hr/°F

1 7.93 131.0 118.9 86.0 148.7

2 10.04 136.9 128.7 9k4.1 129.7

3 12.42 143.6 138.2 93.7 300.1

4 13.7k 133.8 118.4 95.0 180.2

5 13.74 139.1 119.8 95.9 193.7

Average - - - - 190.5

Dynamic Tests

A series of dynamic thermal tests were made for constant load-

ing conditions and various flow rates, valve spool displacements, and

pressure loads. Each test was run such that flow-rate,

displacement,
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and load pressure were kept constant at pre-selected values. The length
of the tests was originally intended to be one hour; however, for some
tests the temperatures being recorded exceeded 140 degrees Fahrenheit,
which was the maximum range of the recorder. As a result, some of the

!
tests were terminated before steady-state conditions were reached.

The results from test number 1 of Table VI were used to identify the
lumped equivalent thermal capacitance parameter in a manner similar to
that used for identifying the capacitances for the cohponent models. The
value that was obtained for CeqR was 69.42 Btu/oF, which when combined
with UAR gave the time constant of the system as 21.86 minutes.

Knowing the capacitance and conductance parameters and the initial
condition of AT,, Equations (k2), (43), and (4k) were solved simul-
taneously to obtain the predicted inlet and outlet reservoir temperatures.
A modified version of the open-center system program presented in
Reference (16) was used to compute the rate of addition of thermal energy
to the system. A flow chart of the modified program is given in Figure 11.
The inputs to the program were system flow rate, spool displacement, and
load pressure across the control valve. Knowing the values of UAR,

CeqR, and YHg, Equations (42), (43), and (45) were used to compute the
inlet and outlet reservoir temperatures.

Figure 12 shows a comparison of experimental data and analytical
predictions for one of the dynamic tests, and Table VI gives an error
summary between experimental results and computed values for several
tests. From the results shown in the figure and the error summary of
Table VI, it is concluded that the dynamic model developed in Chapter IV
is valid.

The same system was subjected to cyclic loading conditions created



TABIE VI

ERROR SUMMARY OF SIMULATIONS FOR OPEN-CENTER SYSTEM WITHOUT HEAT EXCHANGERS

ATy ' TfiR TfoR
Test Average % Maximum % Final % Average % Maximum % Final % Average % Maximum % Final %
# Error Error Error Error Error Error Error Error Error
1 1.89 7.06 0.00 0.73 1.69 0.36 0.61 1.67 0.38
2 2.60 6.67 1.12 0.76 1.70 1.70 1.47 2.47 2.47
3 2.81 11.24 1.72 0.92 1.97 1.97 2.23 L.37 2.21

19
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by driving the control valve spool with the scotch yoke mechanism
sketched in Figure 10. The valve spool displacement, system pressure,

and the pressure at the working ports of the valve all varied in a
periodic fashion as shown in Figure 13 for a constant pump flow rate of
13.2 gallons per minute. Experimental results for these loading condi-
tions and flow rate are given in Figure 14. A comparison of these results
with those for a constant system load and the same flow rate indicated
that higher fluid temperatures occurred for the constant load rather

than the duty cycle load. The results of a constant load test with a

flow rate of 13.2 gallons per minute are given in Figure 15.

Total System With Liquid-to-Air Heat Exchanger

The schematic given in Figure 5 represents another system that was
tested for constant and cyclic loading conditions. The temperature
sensing elements were located at the inlet and outlet ports of the
reservoir and the control valve. With the sensors located at these
points, the temperatures at the inlet and outlet ports of each component
were measured. The ambient temperatures of the heat exchanger and the
reservoir were also measured for each test.

No steady-state tests were run for this system because previous
tests for the liquid-to-air heat exchanger and the open-center system
with no heat exchangers furnished values of all of the unknown lumped
parameters for this system. (The components of this system were those
tested previously.) The thermal capacitance and conductance for the
system with the heat exchanger were dependent on the capacitances and

conductances of the exchanger and the system without exchangers.
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Dynamic tests with constant and cyclic loading of the system were
made. Only the results of the constant load tests were used to verify

the model.

Dynamic Tests

Several dynamic tests with various system flow rates, loads, and
constant spool displacements were made to obtain experimental data for
verifying the model obtained by interfacing the component models developed
earlier. The model for this system here is given by Equations (52), (53),
and (54). Figure 16 shows a comparison between test data and analytical
predictions of the reservoir and heat exchanger inlet and outlet tem-
peratures for one set of test results. Table VII gives a summary of the
comparison of measured temperatures with predicted temperatures. From
these results, the dynamic thermal model given by Equations (52), (53),
and (54) is seen to provide reasonably accurate predictions of the
temperatures at different energy ports for the system.

To compare the two types of system loading conditions, results from
a cyclic test (with the same flow rate as the test summarized in Figure
16) are presented in Figure 17. In testing the system without heat
exchangers, it was found that a constant load produced higher tempera-
tures than a cyclic load. Comparison of the results shown in Figure 16
and 17 also indicates this trend for the system with a liquid-to-air
heat exchanger. For example, exchanger and reservoir inlet and outlet
temperatures are 127.4 oF, 124.0 oF, and 122.0 °F at forty minutes for
a constant load of 710 psig and -0.300 inches valve spool displacement.
After forty minutes of cycling the fluid temperatures at the same points

in the system are 106.3 oF, 103.6 OF, and 101.8 °F. From these resulté,
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ERROR SUMMARY FOR OPEN-CENTER SYSTEM WITH A LIQUID-TO-HEAT EXCHANGER

TABLE VII

TfiH TfoH TfoR
Test Average % Maximum % Final % Average % Maximum % Final % Average % Maximum % Final %
# Error Error Error Error Error Error Error Error Error
1 2.49 5.94 0.03 2.47 5.70 0.22 2.94 5.07 2.59
2 1.27 2.68 0.00 0.84 1.77 1.19 3.13 5.24 2.27
3 1.82 2.76 2.76 1.60 3.17 1.29 2.99 4,19 2.95

0l
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it is apparent that a cyclic system load did not generate as much thermal
energy as a constant system load.

In reviewing the experimental work presented in this chapter, the
basic goal was to verify the various component and sy;tem lumped-parameter
dynamic models that were presented in Chapters III and IV. Verification
of the models demonstrates the applicability of the lumped-parameter
modeling technique to thermal analysis of fluid power systems.

The importance of steady-state and dynamic test data for the iden-
tification of parameters in the dynamic models is illustrated in the
cases of the liquid-to-air and liquid-to-liquid heat exchangers.

General conclusions concerning the formulation and verification of
the models presented in this investigation and recommendations for
further work in dynamic thermal analysis of hydraulic systems are con-

tained in the following chapter.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Thermal modeling of}hydraulic components and systems has been
studied for quite some time; however, in recent years this science has
come to play a more critical role than ever before. The existence of
stringent duty cycles and the desires for higher power to weight ratios
have necessitated better system design to ensure operation within the
desired temperature ranges of the users. Heretofore, steady—statg
thermal analyses were considered sufficient for predicting fluid tém—
peratures, but with the increasing demands placed on hydraulic machines
such analyses no longer provide all of the information required for more
effective system design. Time constants, frequeﬁcy response, maximum
transient temperatures, and their location in a system cannot be obtained
from a steady-state thermal model. Dynamic models give this information,
but prudent engineering judgment must be exercised in order to avoid
tackling overwhelmingly complex mathematical models.

This investigation has presented lumped-parameter modeling techniques,
which when used with basic laws of heat transfer and thermodynamics,
form a suitable basis for steady-state and dynamic thermal modeling of
fluid power components and systems. The low-order dynamic models that
result from the application of this technique are attractive in that
rapid temperature predictions can be made by solving the model equations

(sometimes even in closed form). This approach to thermal modeling is
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semi-empirical in that parameters have to be identified from experi-
mental data. However, the effort required for the identification of
the unknown componenf and system parameters is much less than that
required by higher-ordered models. The resulting models are thus as
mathematically simple as possible and can subsequently be interfaced
with no additional complexities. Although the algebraic manipulation
required for such interfacing of component models is extensive, it is
fairly straightforward.

Steady-state tests were conducted for components and systems to
identify the lumped thermal conductance for each. The results of the
dynamic tests were also used to ascertain the accuracy of the various
models. Expensive computer simulations were avoided by using simple,
low-~order models, and in many cases, both component and system models
reduced to a set of linear algebraic and ordinary differential equations,
which could be solved in closed form. The agreement between the experi-
mental data and the predicted results of the models indicate the validity
of lumped-parameter modeling of the thermal performance of fluid power
systems.

The inconsistent variations of UA for increasing flow rates indi-
cate that the temperature measurements were not accurate enough to
provide good estimates of the lumped conductance parameters for the
components and the systems that were tested. This implies that the
values of Ceq that were obtained were also inaccurate.

The inability to obtain accurate temperature measurements in
experimental work is the major limitation of the semi-empirical lumped-
parameter approach presented in this thesis. This modeling technique

is attractive, however, since it results in relatively simple
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mathematical thermal models for components and systems and is considered

to be applicable throughout the fluid power industry.
Recommendations for Further Study

During the course of this study, the components which significantly
influence the thermal behavior of any system were modeled and tested.
This does not imply that thermal models can now be constructed for a
system made up of many different components. Before such a model could
be obtained it would be necessary to divide the system into parts and
selectively group the components together. Models for each grouping
could then be derived and combined to form an overall system model. The
basic idea of doing this has been advanced in this study and is amenable

to %E@ggg-parameter thermal modeling.- An alternative approach would be

to mbdel the system as a‘whole, as demonstrated in the analysis of an
open-center system without heat exchangers. Either model could be used.

Experimental testing of pumps and motors for verifying thermal
models for each is mandatory before dynamic thermal analyses can be
performed on large scale systems. The pump model presented here is a
step in that direction, but instrumentation with better than one per cent
accuracy must be available before commencing such a testing program.

The effects of interconnecting lines were neglected in the systems
analyses performed in this thesis. The test systems were of such
physical dimensions that this simplification could be made. However,
large systems with long interconnecting lines will definitely have an
effect on system temperatures, and these effects cannot be ignored.

Another promising area of investigation, which was noted as a

motivating factor for the development of dynamic thermal models but not
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pursued, is determination of the frequency responses of thermal models.
Ajrcraft hydraulic systems in particular are of interest for such
studies. The transmission of high pressure fluid through long, small
diameter lines cause wide temperature fluctuations in these systems.
lumped-parameter modeling techniques are ideally suited for performing

studies in this area.
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APPENDIX A

LARGE SCALE SYSTEM CONSIDERATION

OF A TOTAL SYSTEM MODEL

Since the liquid-to-air heat exchanger and the open-center system
without heat exchangers are considered as two separate subsystems, it is
possible to use a method presented by Iyengar (14) for combining the two
into one large system, provided that each subsystem is linear. To use
this method, the flow rate needs to be constant so that the resulting
models are linear.

It will be demonstrated in the following that the system formed by
the combination of the two subsystems, although having two capacitances,
is not of second-order. The state variables for the large system are
tentatively definéa as the differential temperatures of the heat exchanger
and the reservoir.

The equations constituting the mathematical model for the liquid-to-

air heat exchanger subsystem are given by Equations (14 and (15), where

b.? and Tfo are the inputs and outputs, respectively.
H H H

The model for the open-center subsystem is given by Equations (22),

Tfi , and Tam

(53), and Equation (56) below.

. - C
(klUAR+ 2pQp pf) 20,9,%p 20,Q.Cp
AT, = o = M b= T, -— =T (56)
IR ®dg H dg @y
The inputs and output of this system are Tfo , Tamb , and Tfi ’
: H R H
respectively.
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The total system obtained by combining the two subsystems can then

be written in matrix form as noted by Iyengar (14).

X = AX + BU (57a)
S fY = CX + DU (58b)
‘U = FY + GV (59)

where:
X is the state vector for the large system,
Y is the output vector for the large system,
U is the input vector for the large system,
V is the external input vector for the large system, and
A, B, C, D, F, and G are constant, time invariant matrices.
The mathematical model of the exchanger subsystem is given by Equa-

tions (14) and (15), and the canonical form of this model is as follows:

AR - >
A X411 TfiH T vy
T ' T —
fo,, < Yy ambH*——f’“12
ko= Ay Xt [bll b12] uiié (60a)
e
{13

u,, | (60b)

where:

i;:;fdenotes equivalence between physical variables and model

variables.
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2 ) -
. (ke UAy + 20,QCp) N 2019y Ty
11. CeqH 11 CeqH 12 CeqH
Cq =2 d,, = -1 d;, = 2

The canonical form for the open-center system given by (20) and

(64) is as follows:

- S
ATp = X5y Tio (T3 U5y
1H
(:‘.__._' JR——
To Y04 Tamb_ =7 Yoy
R R
. D _
51 = 859 X1 7 [b21 byl Mot (61a)
V22
Yoy = Cpq Xpq * Ldyy d )] - Yaq i (61b)
o]
where:
o —(klUAR+-2prprf) o 20,Q.Cp, . -2p Q. Cp,
21 CeqR 21 CeqR 22 CeqR
(] = 2 d = -1 d = 2

21 21 22

The external feedback and input equation given by Equation (62) is given

by the following expression:

- —~ - -~

~ - - ) !

Tes | o1 Tto,, | 100 éHg

e ol | PeoePe |

i } i 5 ‘;

LT ' 1o o §T | o1 0 T ‘

i ambH | g_foR i i ambH ;

§: ‘ % (62)

T 10 o 0 0 i

H
o]
I
3
j=2
S

= ——
O
O
O
—

»
3
o
=}
| S
—
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where:

The A, B, C, D, F, and G matrices for the large system are as follows:

-
é'(k1UAH*'2prfc?f)

0
Az —~-=-=---===-- ot
i 1 — C :
f . ! (k1UAR+ 2p,Q:Cp )
i i Ceq :
L ! R |
i2,.QC 20.Q.Cp. | -
peePp  TEPeRMP L o o
: 1
: CeqH CeqH '
S ' seace.  -20.0.C.
E o o ' 3¢ Ps Pele™Pyp
i
! ! CeqR CeqR
20 1 210 0
C = - - D - - - l.. - -
0, 2 L0 01-1 2
0 1 1 0 0
! ;
o o ‘0 1 O
F = f ; G = |
1 o L0 0 o©
0 o 0o o 1|
o~ 4 IR i

Ikeda and Kodama (14) have shown that X is a state vector having the
same dimension as the aggregate of the subsystems if and only if:

determinant (I-DF) £ O for all time.
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Since (I-DF) for this system is the following matrix:

the determinant of (I-DF) is zero for all time, and the large system
roTy -
cannot have a second-order state vector (i.e., LAT cannot be the
"R
state vector of the large system obtained by combining the heat exchanger
and open-center subsystems). This implies that the equations for the two

subsystems need to be consolidated so as to obtain a first-order model

for the total system.



APPENDIX B
INSTRUMENTATION
Temperature Measurement and Recording

The temperature sensors used for méasuring the temperatures of
interest in the experimental testing discussed in this thesis were contin-
uous output platinum resistance sensors. A direct current voltage sﬁpply
and linear resistance bridge were necessary for powéring each sensor. The
output of the sensors corresponded to the scale of one millivolt equals
one Centigrade degree for a range of zero to one hundred degrees Centigrade.
The accuracy of these instruments over this operating range of one percent
of total scale, or 1.8° F. The time constants of the sensors were 2.5
seconds.

Although the temperature sensors used were not accurate enough for
thermal tests of a pump, they were felt to be accurate for components
which had substantial température differences between inlet and outlet ports.
Liquid-to-liquid and some liquid-to-air heat exchangers are components
which conform to this criterion, so the use of the platinum resistance
sensors with such components is acceptable.

The accuracy of the sensors becomes a relative matter for temperature
measurement in total system tests. That is, the accuracy of all of the
sensors must be within one percent of each other according to manufac-

turing tolerances. Hence, the measured results, if different from
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actuality, differ only by a constant value which can be determined
from a calibration check of the sensor (e.g., place the sensor into an
ice bath that is at a known temperature - 320 F - and the difference of
the output reading and the known temperature is the constant value
needed for correcting the measured data).

Still another problem area that must be overcome for experimental
thermal analysis is the capability of recording equipment for multi-
channel recording and handling of low level input signals. Most tem-
perature measuring devices give DC outputs in the zero to one hundred
millivolt range with low current (less than 10 milliamps). In contrast
to this, recorders capable of recording these low levél signals generally
have poorer signal sensitivity for their lower recording ranges. As a
result, it is necessary to amplify low level signals to be able to record
them with a fair degree of accuracy. However, if the signal being recorded
is noisy before amplification, after amplification it is possible that
the signal must be filtered before it can be recorded. Thus, a simple
problem becomes a more complex one due to exotic signal conditioning
between the output and recording stages of a measured phenomenon.

The experimental tests results presented in this study were obtained
only after elaborate signal conditioning between the output and recording
stages. The difficulties eﬁcountered here were manifold, and are
briefly discussed below.

The problem involved with the recording of the tests data presented
in this thesis were different from the general description given above.
First of all, the multichannel recorder could record signals only in a
zero to ten millivolt range, and consequently, the output sensor signals

needed to be reduced instead of amplified. These low level signals
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presented another problem: impedance matching. The input impedance of
the recorder was not high enough, and as a result, the input voltage
signal was reduced due to the load imposed on it by the recorder. To
overcome this difficulty, the sensor outputs were given a one—to—dne
amplification to improve their voltage-current characteristics (see
Figure 18). After amplification, the voltage signal was then reduced by
means of a voltage dividing circuit and was finally recorded. Little or
no noise was present in the sensor signals before or after amplification,

and no filtration was necessary.
Flow Measurement

The instruments used for flow measurement for experimental thermal
analysis can be either turbine or target type flow fransducers, either of
which is satisfactory. If a recording of the flow measurement is to be
made, then the target type meter will perform satisfactorily.

The flow meters used to measure fluid and coolant flow rates in the
experimental tests were target type flow meters. No recording of these
signals were made because the flows were held constant for all of the

tests.
Pressure Measurement

Measurement of constant pressures in a hydraulic system can be done
with either calibrated Bourdon gages or more sophisticated piezoelectric
pressure transducers. The results of the constant load tests were obtained
using both types of devices. For the case of cycling pressures, the fre-
quency response of a Bourdon gage is too slow for accurate measurenents,

and a permanent record cannot be made of the gage reading. Piezoelectric
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transducers are ideally suited for this application and were used to

obtain the results in Figures 13 (b, c, d).

Displacement Measurement

In experimental work of any kind where directional control valves
are used, it is necessary to be able to accurately measure valve spool
displacement. This can be done mechanically or electronically. The
mechanical elements are simple dial indicators, while the electrical
devices for displacement measurement are direct current displacement
transducers which give a voltage signal for a certain displacement.

A dial indicator was used to measure the valve spool displacement
for the constant load tests, and a direct current displacement trans-
ducer was used to measure the valve spool displacement for the cyclic

tests. Figure 13 (a) gives an example of the output of the latter.
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