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FOREWORD 

This report was prepared by the staff of the Fluid Power Research 
Center of the School of Mechanical and Aerospace Engineering at Oklahoma 
State University of Agriculture and Applied Science. The study was i.ni­
tiated by the Mobility Equipment Re£earch and Development Center, Fort 
Belvoir, Virginia . Authorization for the study reported herein was 
granted under Contract No. DAAK.02-72-C-0172. The time period covered by 
this report i s from 9 November 1972 to 8 November 1973. 

The Contracting Officer 's Representative was Mr. Hansel Y. Smith, 
and Mr. J ,1hn Karhnak served as the Contracting Officer's Technical Re; ­
resentative. In addition, Mr. Paul Hopler has effectively represe11ted 
the Contracting Officer both administratively and technica11y in various 
phases of this contract. The active participation of Messr . Smith, 
Karhnak, and Hopler during critical phases of this work contributed 
significantly to the overall success of the program. 

In addition to pursuing the goals and objectives of th j_s contract 
to fruition, members of the Fluid Poi;.,er Research Center (FPRC) staff have 
also participated with MERDC personnel in various activities not supported 
by the program. These efforts i;.,ere financed through the Basic Fluid Pow­
er Research (BFPR) Program, t·1hich is a consortium of some 35 industrial 
fluid power users and suppliers who have sponsored work at the FPRC for 
the past seven years. These companies have recognized the merits and the 
derivable benefits of this Hydraulic Specification Study Program and have 
readily contributed both time and money to its success. 

A great many fluid power component test procedures have been devel­
oped and verified as a result of this program. The guidance and advice 
of the fluid power industry were heavily relied upon during all phases 
of this deve l opment and verification work. Hoi;.,ever, true industrial ac­
ceptance can only be achieved when such t e st procedures receive national 
and internation adoption by recognized standards-making bodies of the 
fluid pow~r industry. To this end, members of the FPRC staff have worked 
clusely with the National Fluid Power Association (NFPA), the Society 
of Automotive Engineers (SAE), the American National Standards Institute 
(ANSI), and the International Standards Organization (ISO). 

Specifically, in behalf of MERDC and the fluid power industry, the 
FPRC has played an active role in the activities of following committees 
and sub-committees: 

* Filter and Separator Section of NFPA 
* Contamination Coordinating Committee of NFPA 
* Pump Section of NFPA 
* Valve Section of NFPA 

V 



* Sound Measurement Coordinating Committee 

* Sub-Committee IV (Hydraulic Components) of SAE 

* Sub-Committee 6 of TC 131 (Fluid and Contamination Control) 

of ISO 
* Sub-Committee 8 of TC 131 (Component Testing) of ISO 

* Working Group 1 of SC-6 (Filter Performance Testing) ISO/TC 131 

* Working Group 1 of SC-8 (~1ound Measurement) ISO/TC 131 

During the reporting period of this document, the main e f forts in 

technical information transfer have been directed toward the areas of 

filter performance, pump contaminant sensitivity, valve performance, and 

sound measurement. The results of this work, to date, served as the basis 

for eight nationally and internationally accepted test procedures. The 

fruits of such accomplishments should prove very beneficial to MERDC in 

their quest for adequate component control in the procurenent of commer­

cial equipment. 

The FPRC team has also assisted MERDC in their effort to effective­

ly monitor and evaluate the results of tests using test procedures devel­

oped under this program. For example, a computer program was developed 

which rigorously examines the data accumulated durin g a multi-pass filter 

performance test. This program not only reduces the data to a usable form 

but also evaluates the recorded data to see that all of the test require­

ments have been met. The success of this computer program together with 

the industrial acceptance of the filte1: test proceudres has allowed MERDC 

to issue a military filter specification and establish a well received 

QPL program. 

This report represents only one of five major sections of the annual 

report on the Hydraulic Specification Program. The titles of the various 

sections are listed below: 

SECTION I: Hydrauli c Cylinder and Seals Specification Study 

SECTION II: Hydraulic System Controls Study 

SECTION III: Hydraulic System Noise Study 

SECTION IV: Hydraulic Hose Specification Study 

SECTION V: On-Board Hydraulic Syste~ Monitor Study 

The study represented by this report was conducted under the general 

guidance of Dr. E. C. Fitch, Program Director. Mr. S. K. R. Iyengar not 

only served as Program Manager for the performance area but also guided 

the efforts of Mr. D. G. Miller in the thermal area. Mr. R. K. Tessmann 

was responsible for the technical management of the service life area. 

These gentlemen were ably sup ported by the valve, pump, and contamination 

analysis laboratories as ~~11 as the digital computing facilities of the 

Fluid Power Research Center. Three key individuals making significant 

contributions t o the success of the systems work were Messrs. Bill Koger, 

Brian Foord, and Stan Wendt. 

This report presents a detailed account of the project ac tivities 

associated with the compute r-aide d procurement area, Tne dire ct numer-

vi 



ical representati0n concept of component and system modeling is discussed 

together with the experimental verification. Hydraulic component and 

system thermal models were developed to predict the performance of operat­

i ng systems under extreme temperatures ~eflected by actual machine duty 

cycles. Service life concepts for hydraulic components are presented and 

used to evaluate the contaminant life expectations of a hydrauli c system 
exposed to realistic field environments. 

vii 



QlAPTER I 

- INTRODUCTION -

Fc Jm the outset of the OSU-MERDC Hydraulics Program, the main ob­
jective hJs bee n to provide the product engin ,... P. r with tools by whi ch he 
can insure adequate hydraulic component contr0ls and/or appraise the 
value of a hydraulic system. A gre a t deal of the initial effort was di­
cected toward the development and verification of component test pro­
cedures, which are necessary for the desired component control. Eighty , 
test procedures were develope d which cove red all of the critical oper·· 
ating characteristics of every major hydraul ic component. 

Based upon the experience deri ved from the development of these 
component test procedures, a conce pt for total hydraulic system appraisal 
was devel oped. This concept utilizes computer -aide d techniques and was 
introduced in Section II, Hydraul ic Sys tem Control Study, in the 1972 
Annual Report to MERDC. This program represen ts a comp~ehensive analy­
tical approa ch to fluid power sys tem evaluation, thus aiding the pro ­
duct engineer in makln ~ practi cal and valid procuremen t de cisions dur­
ing ei the r software or hardware stages of sys tem design. 

In order t o fully develop and implement the CAP concept, it was 
necessary to divide it into three parallel efforts -- system pe rf onnance , 
thennal analysis, and service life. Each of these areas wa s investi­
gated during thi s phase of the current O U-MERDC Hydraulics Program. 
This section of the 1973 Annua1 Repo rt on the Hydraulic Specification 
Program includes a complete dis cuss ion of the ac tivitie~ and accomplish­
ments i- each area . 

The system performance phase was dire cted toward the devel opment 
of procedures and techniques to appraise the operating characteristics 
of hydraulic systems. In general, previous attempts in this regard have 
util ized complex mathemati ca l relationships to de s cribe the performance 
of each component of a system. These component models were interfaced, 
sometimes with grea t difficult y , t o form an even more complex system 
model. Basic research in modeling at the Fluid Power Research Center 
has resulted in the formulation of a new aprroach to modeling which is 
ideal ly suited for the reali sti c simul ation of large hydraulic systems. 
This technique relies on the basic test data, which stem from performan ce 
tests on the components and is thus terme d Direct Numerical Representa­
tion (DNR). Chapter 2 clearly defines an d explains the DNR con r.e ,Jt and 
illustrates its application to specific hydraulic systems . 

One of the major concerns in the f luid power industry t oday is the 
trend toward higher system operating tempera tures, as hyd rauli c sy~ ~ms 



are designed t o transmi t grea t e r horse power . I n the past, the s ys tem 

de s i gne r has ut i l i ze d the only tool availabl e -- steady-state thermal 

analysis -- t o es t i mate the t emper a ture whi ch will be prevale nt in the 

system. There is more than sufficient evi dence to suggest that thi s ls 

i nadequate. The e f fort i n the therma l analysi s phase of th i s program 

has produce d and ve r ified a technique to perform a dynami c thermal 

analysis on bot h a heat exchanger and the t o t al system. Such a pro­

cedure i s capable of pred i ct i ng sys tem temperature during the t rRns jent 

ope ra t i on, such a s occurs during short peak powe r demand periods as well 

as in evaluating the i nfluence of ambient temperature change s . The 

activitie s and accompli s hment s of the thermal analys i s phase are dis­

cussed in Chapter 3. 

In the eva luat i on of either hydraulic components or systems, ser-

vice li fe is an i mportant considerat i on. In a hydrauli c system, servi ce 

life is usually dependent upon the degradation in performance of one 0 1 

more of i ts components. Therefore, from an engineering standpoint, the 

service life is the operating time during which the degree of performance 

degradation is accept Rble . Ignoring catastrophic failure, component 

service life i s di re ct l y related to both the contaminant wear tolerance 

of the flu i d-e xposed c }ements and the contamination level of the circu­

lating fluid. Howeve r, prev i ous work has shown that the contaminant 

sensitivity of hydr aulic components and the contaminant l evel of the system 

are both influenced by t he dynamic operation of the system. Chapter 4 

is concerned with the i nfluence of these duty cycles on the service life 

of pumps and val ves. In addition, the effect of environmental ingression 

on filter perfo rmance is discus ses in Chapter 4. 

It is f e lt that the activities and accomplishments of the hydraulic 

system control s study of the Hydraulic Specification Program have made 

a considerable con t ribution toward the realization of a complete and use­

ful computer-ai ded procedure program. Recommendations have been made in 

the body of this report where further work or additional studies are 

required. The implementat i on of a computer-aided procurement program by 

anyone who must buy hydraul i_ components or systems should provide a 

savings in both time and money. 
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OlAPTER II 

COMPUTER-AIDED PROCUREMENT 

(SYSTEM PERFORMANCE ANALYSIS) 

- INTRODUCTION -

The system performance phase of the Computer-Aided Procur ment (CAP) 

effort was primarily concerned with ascertaining the variations in di­

verse physical quantities in a hydraulic system as it goes through a 

specified duty cycle. Using suitably developed mathematical models for 

vdr1ous components of a system, the total system can be simulated to give 

info mation which would otherwise require extens ·ve testing. Certain 

physical quantities -- usually pressures,flows, and displ P. cements--can be 

shown to characterize a system and secondary quantites li ',e power, ef­

ficiency and heat gene rat ion can be calculated th ~refrom. The purpose of 

a mathematical model is to show how the various p ysical quantities change 

as the system is subjected to a certain operating cycle. Mathematical 

models for systems can be developed in two ways: first, by analyzing 

the system as a whole and second, by synthesizing the system model using 

models for components. Both methods have their uses, though the second is 

much more informative. Mathematical models can also be classified as 

analytical, empirical, or semi-empirical. Most of the modeling work to 

date, has been done by the component designer and has usually resulted in 

analytical models. These are generally cumbersome to use and di f ficult 

to interface with other component models. Hence, they are almost unusable 

for performance appraisal of either the component or of the total system. 

Basic research in modeling at the Fluid Power Research Center, Oklahoma 

State University has resulted in the development of a ne\,, appraoch to 

modeling which seems ideally suited for simulating large-scale systems 

using component models. This has been called "Direct Numerical Represent­

ation" or DNR for short. 

Numerical methods are often harder to explain than analytic or 

graphical methods, as it is very easy to get bogged down jn the arith­

metical calculations. Merely furnishing the algorithms involved, on the 

other hand, wuld 1£:ave the reader with no appreciation of the nature 3r, '.! 

extent of data handling. A complete and rigorous treatment of the math­

ematical foundation of DNR is given in Refs. 1 and 2. The next section 

gives the results of the mathemati r.al analysis and its implications. As 

an illustration, a simple dynamic system and its D~ are discussed in 

Appendix A. The appli cation of the DNR concept to modeling a large system 

is validated in the section following the mathematical analysis di scussion. 

3 



Experimenta l work is the foundation of mode l verification and is the sub­ject of the final se ction. 

- MATHEMATICAL ANALYSI S -

The purpose of a model, any model, is to convey certain info rmation 
about a physical obje ct (real or conceptual). There are a number of 
physical attributes associated with a physical object, and our concern 
is onl y with those attribute s that are measurable, e.g. length, weight, 
temperature, pressure , velocity, etc. Examples of unmeasurable ones are smell, aesthetic a pp~al, etc. The physical variables as attributes of an 
object are not entirely independent of each other. Thus, the velocity 
of a moving body (one attribute) dependf' or. the exposed surface (a com­
posite attribute) and its mass. For ph_·pt cal systems, it is extremely 
useful to have some scheme of describing how certain attributes of the 
system are affected by changes in other attributes. The former are called 
inputs and the latter outputs. Circumstances and convenience often dic-
tate which attributes should be (advantageously) treated as inputs and which 
as outputs. The purpose of the mode l is to furnish an algorithm whereby 
the outputs of the physical sys tem can be calculated from a knowledge f 
the inputs. Since a model essentially conveys information, the "effi­
ciency" of a model may be j udged first by its a ccuracy, second by its 
information content, and third by its complexity. 

The most familiar f o rm of a model is the equation. A second form 
which is extensively used but not generally r ecognized as being a model is 
graphical display . A close examination will reveal that the information 
content in these two representations is equival ent. However, there are a 
number of cases where graphical presentations are more useful than equa­tions. On the other hand, equations are particularly compact and often 
suitable for machine computations. Furthermore, for analytical work, 
equ tions can be manipulated in a variety of ways to yield results which 
would not be apparent at a fi rst glan r . 

The advent of the high-speed digital computer allows one to invest­
igate yet another mode of presenting information about a physical object -­a numerical mode. In this mode, the outputs of the system can be consi­
dered to be the contents o f a number of pigeonholes. Each pigeonhole has 
a unique tag -- the input. Given an input, one can use the tag to locate 
the output. An example of this form of representation would be a table 
of inputs and outputs. The advantages of this form of representation are 
not immediately obvious. On the other hand, its disadvantages are readily seen. It is certainly not as compact as an equation, and it does not give 
the "big picture" like a graphical display. Its information content is 
also limited -- an equat i on can give infinite input-output data aud, 
theoretically, so can a graph, but an array of numbers is finite. Con­
sider now its advantages: 

1. A sj mple algorithm can always be developed to gene r at e data 
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point s f rom the arrays of numbers; various interpolation and 
extrapolation s chemes are available for this task. 

2. An equation or graph is often a "best" fit for data. Tt,us, 

mathematical manipulations would be extremely cumbersome if 

every orifi ce i n a fluid power system was modeled by complex 

equations rather than the simple square law. Graphs cannot be 
dire ctly fed as information to a digitial computer; whereas, 

s trings of numbers can be so handled. Also, all test data can 

be stored as opposed t o equations or graphical displays wh ich 

lose much information and accuracy in the process of fitting. 

3. Arrays of numeri cal data can always be used t o produce grapl,s 

or equatiuns; the reverse process is not always useflll due t o 

the approximations used, 

The numerical mode of presenting information about physical objects 

was conceived at the Fluid Power Research Center and is termed Direct Num­

erical Representation (DNR). The concept for the DNR stemmed from a state 

of frustration in working with both the equation and graphical modes. 

Graphical techniques are not compatible with machine computations. Furth­

ermore, the equations which accurately describe a nc,r,-linear flui<l power 

system are by ne~essity high-order und often defy solution. A DNR is de­

fined as a numerical charac1.erization of the output values of a system 

as reflected by its inputs md previouF time histories. 

Digital computers are designed to handle numbers and cannot direct­

ly manipulate differential equations which form the basis of most dynamic 

models. Fortunately however, it is possible to discretize the equations 

to a form compatible with digital computation techniques. After such di s ­

cretization any system can be modeled by the following equation: 

Y(t) = F { U(t), U(t - tit) ... U(t - ptit), Y(t - tit) ... Y(t - qtit)} (1) 

Where: t z: time 
y = cutput 
u = input 
F = a functional relationship 

tit = time increment 
p, q = inte gers (p< q) 

In words, Eq. (1) says that the outpuc at nny time tis a function 

of the input at that time and also the values of the input and output 

at previous points in time to a total of p and q time increments res­

pectively. Note that Y and U can be vectors. In the more general form­

ulation the number of previous points may be different for each element 

of the U and Y vectors. 

Let: u = (u1 ,u2 , ... , ur) i.e. an r-vector 
y = (y1 ,Y2 , ... , y) i .e. an m-vector 

qi number of prev!ous points for y. 

pi = number of previous points for u7 
1 
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F. <J uati on (1) now be e, me :, : 

y l( t ) l i l ( t) , u
1

( t - ti t), ... , u
1
(t - P.1, tit) , 

u
2
(t), u

2
(t - tit), ... , u2

(t -Pzti t) , 

,. F 

y ( t ) 
m u ( t) ' u (t - ti t), ... , u (t - p tit ), 

r r r r 

y 1 (t - tit) , y l (t - 26 t) , ... , yl(t - q l llt -' • 

y (t - tit), y (t - 2tit), ... , y (t - q tit 
m m m m , 

So far no assumptions have been made abut t he fun ct i on F -­

wh f.ch is actually an m-vector of scalar functions f
1

, f 2 , ... , f . It 

will now be necessary to assume that F has a Taylor Serles expanfion 

which permits linearization of Equation (2) in a certai n region of 

operation to give: 

y1(t) 
l 1 l L 

y l (t - ti t) ..i ll ••• a a2 1 • • • a 
1 rpr 
pl 

= + 2 2 r 
all ••• alpl a 

y (t) y (t - tit) rpr 
m m m m m m 

a ll ..• 8 lpl ... a a 
r l rpr 

u
1
(t) 1 bl l 1 y (t - tit) 

bll ... lql b21 • • .brqr 1 

2 2 2 2 yl(t - 2A t) 
u

1
(t - P 16 t) bll ••• bl b21 • • • brqr 

ql y 1 (t - q lit) 
+ 1 

u2
(t) 

·m m bm yz<t - tit) bll ••• bl 
pl r qr 

u (t (t - q ti t) 
n m m 

(2) 

(3) 

or more concisely, y • [A:B] UA 

u 

(4a) 

UA ![ ... ] 
z 

(4b) 

where A and Bare matrices and UA is known as the augmented i nput vector. 

Note that UA is comprised of the r-vector and a vector Z, called the aug­

mentation. 

If the analytic model of the system or component was available it 

would be a simple. though tedfous matter to calculate the e).ements of the A 
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and B matrices as functions of the input and output at that point in time. 
Of .much more significance however, is the using of test data to identify 
these parameters. 

Test data typically consis s of time histories of the input and out­
put fl1r a component. It is important to emphasize that all inputs and out­
puts te recorded during a dynamic test. These can be stored in the com­
puter as arrays of inputs and outputs. After some preliminary computation 
(e.g. multiplying by scale factors to convert transducer outputs to phys-
ically meaningful numbers) the arrays be compressed to remove redun-
dancies. These arrays then comprise the DNR for the component and con­
tain all the information collected during th testing. However, this in­
formAtion is not directly usable in simulating either a component or a 
system. The reason is that the inputs selected for the simulation are 
rarely those for which test data is available and consequently some inter­
polation scheme has to be used. Any of the conventional vector interpol­
ation schemes are usable provided the 9ata in the DNR is converted to an 
algebraic mapping as characterized in Eq. (1). This is achieved by aug­
menting the input with previous values of the output and input. The num­
ber of previous points chosen is a matter of judgment. For low-urder mod­
els, one or two would be sufficient. Using the DNR, the augmented -­
input-output -- arrays can be built-up and it is a relatively simple mat­
ter to perform the interpolation. The easiest way of doing this is linear 
interpolation and involves identifying the A and B matrices in Eq. (4) 
from the augmented input-output arrays. Once they are identified Eq.{3) 
can be used to update the output vector. The procedure can then be itera­
ted till the duty cycle is completed. 

Though the method is conceptually simple, consider~ble difficulties 
may be faced in implementation, especially in the case 01 nonlinear sy­
stems. A few of the factors t hat affect computerization of the algorithm 
are: 

1. Step size for discretization, Too large a step size can give 
erroneous results which can increase to very large values as 
the duty cycles is simulated. On the other hand too small a 
step size cannot only be waatP.ful but can also result in poor 
identification of the A and B matrices. In the case of non­
linear systems step sizes which are satisfactory in one re­
gion of operation may be unsuitable in another. 

2. Interpolation Region. Test information is stored in only a 
finite number of data points and consequently some form of 
interpolation is unavoidable. Interpolation implicitly re­
quires the "fitting" of some geometric 'surface' to the 
augmented input-output points. Since a global fit is virtual­
ly imposs~ble only a local fit is attempted. The selection of 
the region of fit influences the success and accuracy of the 
interpol3tion scheme to a considerable extent. Too small 
a region can mean recalculating the A and B matrices needless­
ly and can also introduce errors therein; too large a region 
will give poorly fitted surfaces. 
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1 

4. 

Scaling. The quantities i n the DNR arrays are always physically 
meaningful, e.g. pressure, flows, displaceme ts, e t c . However, 
not all of them attain or change over a similar range of values. 
Thus, spool displacements of an actuating valve may vary only a 
quarter of an inch, ye t the system pressure may vary over a r a1 ,ge 
of 100 t o 3000 ps i . Without proper scaling, the interpolation 
scheme can give wrong results. Inspection of the t es t data can 
usually show the kind of scaling required, though no hard and 
f;ist r•Jles can be made. 

Accuracy. Generally speaking, higher accuracy demands sma1 ler 
step sizes, smaller regions, and smaller allowable errors ~n 
identifying the A and B matrices. However, computi!:g time and 
expense can increase disproportionately and the accuracy of the 
test data places an upper constraint on the actainable accuracy. 

- SIMULATION OF A MULTI-INPtrr, MULTI-OUTPUT SYSTEM USING DNR -

A single-input, single-output, linear system and its DNR have been 
presented in Appendi~ A of this report. Its extension to Multi-input 
system requires that the input and augmentation be treated as •1ectors. 
For multi-output systems, it is sufficient to consider one output a t a 
time, though the augmentation may involve values of the other outputs at 
previous points in time (see Eq. (1)), The interpolation scheme can be 
exactly the same as that described in the previous section. 

To illustrate the above features, a multi-input system comprised of 
a pump, an open-center valve, and actuators is analyzed. The same system 
will be used to develop static and dynamic models and, later, to synthe­
size a system model using individual component models. 

Fig. 2-1 shows the simplified circuit schematic of the open-center 
system. The actuators are two single-acting cylinders, mechanically 
coupled so that they effe ctively function like a double-acting cylinder 
with equal areas on either side. The e f fort needed to operate the di­
rectional control valve i s considered negligible ; thus, the human opera­
tor provides the system with a displacement input. However, this is not 
the only input t o the system. There are two energy ports to tl ,e system; 
consequently, there are two inputs -- one at each port. Since the pump 
is an energy convertor and its efficiency is not under consideration, we 
can consider the variables at the pump energy port as the flow and the 
differential pressure across the pump. Similarly, the actuator also 
serves as an energy converter, and the port variables there can be con­
sidered as the differential pressure bet,,-een actuators and the net flow 
to the actuator. The inputs and outputs of the sys t em can now be 
defined as follows: 

Inputs 

p 
s 

Supply Pressure 
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T 

A 

p 

8 

... , 
' I I ,_ ___ ..,_ __ .,,, 

Fig. 2-1. Circuit Schematic for an Open-Center System. 
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Pressure Di fferential Across 
Actuators 

X 

Outputs 

Spool Displacement 

Tank Port Pressure 

Port A Pressure 

Port B Pressu1c 

Supply Flow 

Flow From P to A 

In order to be consistent with the terminology introduced in the 

section on mathematical analysis, the input will be represented by a 

four-vector U and the output by a fJur-vector Y; i.e., 

ul p 
s 

u = 
u2 tiPAB .. 
u3 X 

u4 PT 

Y1 PA 

y -
Y2 PB 

Y3 Qs 

Y4 QA 

For a static model, these quantities are connected by the functional 

relationship: 

Y .,. F(U) 

Test data giving pairs of values, (U,Y), can be used to ide~tify F. 

However, in numerical modeling, the objective is to retain the data 

as such. Thus, the sum total of (U,Y) vectors comprises the static 

DNR for the system. In using the DNR for simulation, however, there 

(Sa) 

(Sb) 

(6) 

is little chance that the input at any time will be exactly one of those 

in the DNR. Consequently, to evaluate the. output c.: orresponding to an 

input, it is necessary to perform some type of interpolation bet\veen 

the DNR points. A simple way of doing this is by using the first term 
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in the Taylor series expansion of F· • i.e., 

L 
4 

y "' y + c3F tiu
1 ( 7) 0 

i - 1 aui 

Consider the first term in the expanded scalar f or of this equation: 

Y1 -Yo + af1 tiu
1 + af 2 tiu2 + af 3 tiu

3 + af4 
1 au1 au2 au3 au4 

:a y + c
1 

tiu
1 + c2tiu2 + c

3
tiu

3 + c
4

tiu
4 

( 8) 
01 

The coefficients c
1
, c2 , c

3 , and c4 can be identified from the 
data in the DNR. If y0 snow cfiosen LO be any of the known outputs, 
then by putting tiU • (U - U) the output y corresponding to the input 
U can ascertained. It shou£d be noted · that c, c2 , c, and c will, in 
general, differ from point to poiut in the (U½) spacJ. Sufficiently 
small regions have to be selected in the (U,Y) space for the lineariza­
tion and irlentification to be reasonably accurate. 

1he dyn•ic model is but an extension of the static model presented 
above. Eq. (6) now becomes: 

(9) 
y(t) • F[U(t), U(t - t) ... U(t - pt), y(t - t) ... y(t - pt) 

where the argument t has been included to show the dynamic nature of the 
model, tit is a time step, and pis the maximum number of back differences 
required to model the s ystem. Eq. (9) is seen to be identical to Eq. (1). 
The introduction of dynamics increases the number of coefficients to be 
identified to a very large values for multi-input, multi-output systems. 

Though the simulation of complete systems using test data has its 
own uses, a much more powerful analysis and appraisal tool js the simula­
tion of complete systems using individual component test data. The 
completely general synthesis problem in which there are feedback paths 
between various components is too complicated to be presented here. It 
will only be mentioned that the complexity is due to the presence of 
implicit relationships between the various physical variables which are 
present irrespective of the form of the individual models; i.e. the re­
presentation of components by DNR's does not introduce the complexity. 

The open-center system shown in Fig. 2-1 can be considered to be 
made up of thre~ main components, the pump, the directional control valve 
and the actuator. These interact as shown in Fig. 2-2. The additional 
variables introduced here are as f~llows: 

Inputs 

~ Speed of Pump 

w External Load on Actuator 
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Fig. 2-2. Open-Center System Synthesized from Components. 
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Outputs 

V 

Torque on Pump 

Velocity of Actuator 

The selection of inputs and outputs depends on the characteristics 
of the components and the way in which they a"'."e in : erconnected. In this 
case, the pump is considered to be a constant speed device, and Wis a 
known external load. Since the pump (Component I) and the actuator 
(Component II) are two-port devices, their characteristics can be unique­
ly represented by a quadruple comprised of the port variables. Thus, for 
the pump, the set [Q • N, P ,T] over the full range of operating condi­
tions describes the ~ump co~pl~tely. It should be noted that power-port 
theory requires that two of the four quantities be inputs and tlie other 
two outputs, with a further restriction that the two inputs cannot be at 
the same port. The above set, in fact, constitutes the static DNR for the 
pump. Similarly for the actuator, the .set [W, v, QA, 6PAB] over the full 
operating range is the DNR. 

Now, the great advantage of DNR is in its use of test data where 
the functional relationships between outputs and inputs cannot be express­
ed in algebraic terms. In the c.ase of two-port static devices, however, 
simple formulas usually exist; and, by using them, a few variables can be 
eliminated. Thus, for the actuator, it is readily seen that: 

(10) 

(11) 

This set of equations effectively decouples the actuator from the rest of 
the system and allows 6PAB to be used as an input. 

The static characteris ti es of a fixed displacem~nt pump are usually 

given as follows: 

Q = Q (P ,N ) 
s s s p 

T = T (P ,N ) 
p p s p 

(12) 

(13) 

However, the equations in this form are not compatible with those for the 
directional control valve (Eqs. (Sa) and (Sb). Eq. (12) can often be in-
verted to give: 

P = r (Q • N) 
s s s p 

(14) 

In DNR, this can always be done, as it simply consists of considering Qs 
and N as the inputs and P and T as the outputs. 

p s p 
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use of DNR's for the directional cont rol valve and pump to sim­
the system is then as follows: 

1. Assume a trial value of P . 
2 . Establish the outputs of rhe valve using the DNR 

represented by Eq. (Sa) and Eq. (Sb). 
3. Check P using the DNR for the pump. 
4. If ther~ is a discrepancy, correct the value of P 

s and iterate 1 through 3. 

- EXPERIMENTAL VERIFICATION -

The open-center system discussed in the previous section forms the 
nucleus of many mobile hydraulic system actuators. Refinement s l ike cross­
over relief valves , cushioning and counte rbalance valves are often inclr ­
porated but their presence does not invalidate the analys is given earlier. 
They usually affect only the system transients or become operative dur i ng 
abnormal operation, e.g. overloading. In any case, a low-order model de ­
veloped by ignoring these effects can always be refined to incorporate 
them. 

Since DNR is still a relatively new concept it was felt that it 
should be tried out on a working system rather than one in the experi­
mental stages. Consequently a Ford TLB4500 backhoe was selected as the 
system for simulation and validation of DNR. A simplified circuit sche­
matic is given in Fig. 2-3. All the valves for actuating the various 
cylinders are contained in one stack. Some of the directional control 
valves consist only of the metering spool and anti-cavitation check valves, 
while others have a more complicated construction. Since moving elements 
are the main source of dynamic~, it is evident that the valve stack 
contains all the components contributing to the dynamics of the system. 

Any four-way valve can be ~orleled as a non-li near wheatstone bridge 
and is completely described by the metering areas of the different arms 
of the bridge. These metering areas change with spool displacement, but 
they can also be functions of the pressures and f lows i nvolved. The ob­
ject of testing the valves was to obtain the metering characteristics as 
functions of the various port variables, e.g. pressures and flows. For 
obtaining low-order models, it was considered sufficient to obtain only 
static characteristics. Appendix C contains selected t e st r e sults used 
to develop DNR models. For example, Fig. 2-4 presents the various meter­
ing areas, obtained by using the familiar square-law for orifices on the 
directional control valve for the boom actuator (referred to as the "boon 
valve"). It may be noted that using DNR does not requ i re the asS\"'.aption 
of any kind of orifice relationship, but the use of such a law ( ..1.f valid) 
redu ,;es the amount of data to be stored in the DNR . Fig. 2-5 illustrates 
the results of the metering tests on the di rectional control valve for the 
swing cylinders (referred to as the "swing valve"). A specia l feature of 
this valve was the arrangement whereby fl ow could not occur from the pres­
sure port to ei ther of the work ports unle ss the other work por t was pres-
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surized. In effect, the metering areas were dependent not only on the 

spool displacement but also on the port pressures. Figs. 2-6a and b show 

this e f fect. The variatio1, though significant, was considertJ to be too 

small for inclusion in a low-order model. Consequently the DNR for the 

swing valve was also comprised of arrays representing the various meter­

ing areas as functions of spool displacement. 

Tests were also run on the relief valves incorporated in the swing 

valve package but were found unnecessary for developing the low-order 

model of the total system. They are presented in Appendix C. 

For simulating the backhoe two modes of oper4tion were selected. 

The first was the horizontal swing (referred to as the swin mode) and 

the second, the lift and lowering of the boom (referred to as the boom 

mode). A study of the circuit schematic shows that though both are open­

center systems there are significant differences between them. To name 

only a few: the swing mode uses symmet~ical actuators while the boom uses 

a single-ended cylinder; gravitational forces are insignificant for swing 

operation in level ground but play an important role in boom operation. 

The test system was inst rumented to measure the following quantities 

for each mode of operation: 

1. Pump outflow 
2. Pump supply pressure 
3. Displacement of directional control valve spool 

4. Pressure difference across work ports of directional control 

valve. 

As indicated earlier in the verification of multi-input multi-output 

systems there is usually somt flexibility in choosing inputs and outp~ts, 

when all significant variables are measured. For the present simulation 

it was considered that the following lists comprise the inputs and outputs. 

Inputs 

1. Spool Displacement 
2. Tank Port Pressu1:e 
3. Pressure Difference Across Work Ports 

4. Supply Pressure 

Outputs 

1. Supply Flow 
2. Pressures in Ports 'A' and 'BI of Valve 

3. Flows to and From Actuators 

4. Actuator Velocity 
5. External Load on Actuator 

Since the selection of inputs and outputs affects the simulation 

algorithm it is useful to review the two H sts. The spool displacement 

is the external signal furnished to the sys ·em by the human operator and 

18 



(a) 

(b) 
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its inclusion in the input is not only natural but also essential. Sim­
ilarly the tank port pressure depends only on the resistance o( the pip­
ing from the directional control valve to the reservoir and for this open­
center system was substantially constant. The selection of the different­
ial pressure across the work ports is valid in view of the effe ctive de­
coupling of the actuator from the rest of the system (see Eqs. (10) and 
(11) ). One reason for taking advantage of this feature was that it was 
easier to measure the differential pressure than the actual load on the 
actuator. The selection of the last input involved a choice between the 
supply pressure and the supply flow. Due to the presence of the pump rip­
ple the flow trace was harder to digitize and consequently the supply 
pressure was chosen as the input. 

The measured inputs and the DNR for the directional control valve 
are sufficient to predict the supply flow and the port pressures. The 
dimensions of the actuators were used to calculate the actuator velo-
city and the external load. Figs . 2-7 to 2-10 show the variation of the 
pressures and flows for some modes of operation. It is instructive to 
compare them with Figs. 2-11 to 2-13 which arz reproductions of the mea­
sured inputs and outputs as recorded with an oscillog~aph. One of the 
first characterisitics of a low~rder model is iumediately noticed, viz. 
the high frequency changes in the output (in this case the supply flow) 
are not portrayed by the mooel. This should be considered a decided ad­
vantage in favor of low~rder modeling as high~rder models would require 
step sizes of 1 m.sec. or less, in comparison to that of 0.1 sec. used 
for the low~rder model. Of the four inputs to the system, namely P , 

s AP, x, and P only the first has been included in Figs. 2-7 to 2-9. Fig. 
2-10 shows tfiat AP follm1s approximately the same trajectory as P as 

s long as the spool displac~ment, x, is kept large. For the zero spool 
displacement at the end of an operation the actuator becomes effectively 
decoupled from the rest of the system and the oscillation in the tiP do_ not 
affect the outout under consideration. Significant deviations from the 
measured output are noticed onlv at the beginnin~ and end of the spool 
movement. Since these are positions of a duty cycle where transients are ex­
pected to be dominant, the results are not unexpected. The large devia­
tion at approximately 12 milliseconds in the swing mode simulation needs 
further investigation. Since i t shows up in both sam~l e trajectories, 
measurement error cannot be the culprit. Since, however the large dis­
crepancy exists over a very short time (about 4 m.secs.) the accu ·acy 
of the low-order model over the entire duty cycle is not impaired. A 
higher order model could conceivably simulate the trajectory more accurate­
ly, though with an appropriate increase in simulation cost and time. 

- SIMULATION OF SECONDARY QUANTITIES -

Typically dynamic models of fluid power components and systems in­
volve physical quantities like pressures, flows, velo cities, and dis­
placement. Often, however, one is interested in secondary quantities like 
power, efficiency and averages of these over a duty cycle. Until very 
recent times the common practice was to use static models in which a 
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number of assumptions would be made, e.g. the pump outflow is constant, 
the system pressure is substantially constant for part of a duty cycle, 
etc. Even if the actual values of the physical quantities were known, 
they were not used other than to obtain average pressures and flows. 
Consequently the accuracy associated with estimates of power requirements 
and utilization and duty cycle efficiency is rather low. 

With low-order model PS developed earlier it is a very easy task to 
calculate not only the instantaneous po-wer and efficiency but also a~crage values for any specified duty cycle. Figs. 2-14 and 2-15 show the var­
iations of the power and efficiency for the swing mode of operation, 
corresponding to the trajectories shown in Fig. 2-7 and 2-8. A few 
points are worthy of couanent. First, the input horsepower is that in-. 
traduced into the open-center system by the pump. Dividing this by the 
pump efficiency would give the hydraulic output power from the prime 
mover. It is seen that this quantity is always positive, and the lowest 
value corresponds to idle conditions when the pressure drop is in the open center valve and the piping. The output power of the system was calculated using the pressure difference between the work ports and the flow into 
and out of the actuator. A significant point brought out by the simula­
tion is that this output power ca be negative; i.e. over part of the 
duty cycle, the load is regenerat~ve. A close look at the mechanism of 
operation of the system furnishes the explanation for this as follows: 
when the valve is first moved over to (say) swing the boom, energy is 
used to accelerate the moving parts. In the later part of the duty cycle 
the kinetic energy of the moving parts is , eturned to the system, thus 
accounting for the negative sign of the output power. Once the spool is 
centered at the end of the swing movement, the actuator is effectiv- ·y 
decoupl~d from the rest of the system. Since the actuator may still be 
undergoing oscillations (see Fig. 2-13) there will be energy interchange 
between the fluid in the actu3tor and connecting lines, on one hand and 
the moving parts, on the other. These are, however, insignificant when 
the complete duty cycle is considered. Appendix C includes the comput~r 
printout of the power input and output as well as the efficiency. 

- CONCLUSIONS AND RECOl-MENDATIONS -

The main objective of the system performance phase of the CAP Program was to develop and verify a technique for simulating the operation of a 
hydraulic system using test data on individual components. A new concept 
of modeling -- Direct Numerical Representation -- was used to process 
experimental data on the components of a test system and to present the 
information as numerical components models. In addition, tests were then 
run on the total system and the data obtained used to verify the model of 
the system obtained by inte~facing the component models. Physical vari­
ables, such as pressure and flow , were simulated for a given operation of 
the test machine, and secondary quantities, like velocity, power, and ef­
ficiency, were calculated for each operation cycle. The simulation results confirm the vali dity of numeri cal representation of models and illustrate 
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the feasibility of developing low-order mode l s of systems using such 
representations. 

Direct Numerical Representation is a completely new concept; and, 
though it holds great promise for efficient simulation of large hydraulic 
systems, some areas of its theoretical development need additional investi­
gation. Before it can be released as a user-oriented computer program, 
it is necessary, for ex3Dlple, to acquire test data on different types of 
hydraulic components and develop a library of DNR models. It is alsc­
necessary to incorporate error-checking algorithms into the computer pro­
grams for accuracy assurance. Finally, and probably most important, it is 
imperative to improve the speed and efficiency of the software. These are 
considered to be realizable improve•nts and well worth the time and effort 
that should be devoted to them. The simulation of even large complex 
systems will then be practicable. The information obtained by such sim 
ulation would be useful for not only hydraulic system appraisal but also 
for developing realistic performance s~ecificati0ns. The cost of simula­
tion using low-order models will be much less than that of conducting ex­
tensive field tests on the actual system in hardware form. 
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OIAPTER III 

COMPUTER-AIDED PROCUREMENT 
(Thermal Analysis) 

- INTRODUCTION -

Increasing desires for high-powered, highly efficient, high pres­

sure fluid power systems have introduced corresponding increases in sys­

t em operating temperatures. Such a result is Ul'desirable because it 

brings .. ; _th it a multitude of temoerature-inducea problems which were 

not prevalent before. Higher incidence of material failures, more rapid 

degradation of fluids and overall system performance, an increase in 

personal safety hazards, and an amplification of combustion and explosion 

hazards represent just a few of the many complications which arise from 

high system operating temperatures (greater than 250-300°F). All of these 

are direct results of inherent component energy or power losses, which 

serve only to convert system pressure energy to thermal energy. 

Heat generation in any hydraulic component or system is generally an 

unwanted and unavoidable phenomenon. Continuous interaction wi.th the en­

vironment is often the only measure which is relied upon to alleviate the 

buildup of tl ermal energy in an operating system. In many cases, this 

natural coohi.g of the system is insufficient in the limitation of system 

temperatures. When this occurs, heat exchangers are employed to limit 

and sometimes to control system temperatures. However, the desire for 

compact and efficient hydraulic systems with high operating pressures 

frequently imposes severe restrictions upon a heat exchanger solution 

to thermal problems. One method to circllllvent these difficulties is the 

utilization of a component as well as an overall system thermal analy­

sis during design stages. 

The dynamics of a heat exchanger have the most influential effects 

other than reservoir dynamics on the thermal characteristics of the over­

all system. It is precisely this influence which warrants a thorough 

thermal analysis of heat exchangers. A basic systems approach combined 

with fundamental laws of heat transfer and thenwdynamics is well suited 

for such a development. Thus, a major part of the following discussion 

concentrates on the development and experimental verification of a multi­

input, multi-output, semi-empirical, dynamic thermal model for a heat ex­

changer. The analysis is done fo a liquid-to-liquid heat exchanger. The 

results of this study are presented in the first part of this paper. 

Before an overall system thermal model can be synthesized, individual 
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component thermal models must be developed. Ho~ever, to obtain a simpli­
fied system model, it is advantageous to use a lumped-parameter approach. 
This can be achieved by lumping all of the thermal capacitance and resist­
ance into a single component. The application of such a technique is 
illustrated in an analysis of an open-center system. The results of this 
treatment are given in the last section of this paper. 

- TIIERMAL MODEL OF A HEAT EXCHANGER -

When natural cooling is no longer sufficient to limit system temper­
atures, it becomes necessary to employ auxiliary devices such as heat 
exchangers to perform this task. Liquid-to-liquid exchangers are general­
ly more desirable than liquid-to-air exchangers due to higher efficiencies 
and better responses. However, in mobile systems, practical considerations 
restrict the use to the latter type. 

In the following development, a liquid-to-liquid heat exchanger is 
analyzed. Basic concepts of modern control theory, thermodynamics, and 
heat transfer laws for liquids are used to derive a semi~mpirical, non­
linear, first-order, dynamic thermal model for this heat exchanger. A 
completely analogous development can be done for a liquid-to-air exchan~er, 
in which case free convection and forced convection heat transfer laws for 
gases would be used in p~ace of those for liquids. For certain types of 
models, this would create considerably more algebraic manipulation than 
exists in the study given below. 

Heat exchanger analysis in general are based on log mean temperature 
differences (LMTD); but, when certain criteria are met, the arithmetic 
mean temperature difference (AMTD) can be used as an approximation to _the 
LMTD. The foremost constraint which must be met in order to justify the 
AMI'D approximation is as follows (see Table 3-1 for a complete list of 
symbols): 

Tfi - Teo 
> 9 ( 1) 

This criterion assures that less than a ten percent deviation exists be­
tween the LMTD and the AMI'D (1,2,3,4). 

Thermal analysis of large hydraulic systems would be intractable 
unless certain simplifying assumptions are made. The principal assump­
tion used here is that lumped-parameter models are sufficiently accurate 
approximations for the physical system. This assumption leads to the 
following reiations for a first-order . semi-empirical non-linear, dynamic 
thermal model to predict the AMTD and the outlet temperatures of a heat 
exchanger. 

1. For the ranges of flow rates and temperature s , the heat trans­
fer from the working fluid to the coolant fluid can be expressed 
as follows: 
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TA"LE 3-1 - LIST OF SYMBOLS -

effective heat transfer area, s_q, ft. 

orifice area, sq. in. 

orifice discharge coefficient 

equivalent thermal capacitance, Btu/°F 

specific heat of coolant, Btu/lb /°F 
m 

specific heat of fluid, Btu/lb /°F 
m 

heat generation rate, Btu/min 

rate of heat entering, Btu/min 

rate of heat take away, Btu/min 

heat storage rate, Btu/min 

heat transfer rate, Btu/min 

constant for dimensional consistency, Btu/sec/in/ 
lbf/min 

pressure drop across component, psi 

2 4 
coolant density, lbf sec /in 

flow rate through component, cu in/sec 

coolant flow rate, gpm 

fluid flow rate, gpm 

ambient temperature, °F 

coolant inlet temperature, °F 

coolant outlet temperature, °F 

fluid inlet temperature, °F 

fluid outlet temperature, °F 

reservoir temperature, °F 

overall heat transfer coefficient, Btu/hr/sq ft/°F 
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2. The thermal storage characteristics of the heat exchanger can 

be written as shown below: 

H • C 
st eq 

3. All the heat energy brought in by the fluid is carried away by 

the coolant and the fluid (i.e., there is no other method of 

heat dissipation). 

Utilizing the first law of thermodynamics, a thermal energy balance 

is applied to the exchanger. The results are given by the following ex-

pressions: 

H • H - H 
st in trans (2) 

(4) 

H • H 
trans out ( 3) 

Hout = Q C (T - T i) (5) 
C pc CO C 

£qs. (2) and (3) in conjunction with the assumptions given above, form the 

suitable basis for both steady-state and dynamic thermal analyses. The 

results shown below sUD1Darize a more detailed derivation [SJ. 

Steady ~ Analysis 

At steady-state conditions, Eqs. (2) and (3) reduce to the following 

equality: 

H • H • H 
in trans out 

With a ki.owledge of input temperatures and flow rates into the heat 

exchanger, this equality yields analytical expressions which predict 

the outlet coolant and fluid temperatures for the exchanger. These 

equations can be written as follows: 

+ QfCpf ll t 
UA UA 

Q C 

Tfi}) T ,. T - QfCpf Tei + [1 2QfCpf 
(1 - ..lE.) 1 

co ci 
QcCpc 

QcCpc 

l UA UA ( 1 - Qlpf ) 1 
Tfi I 

QfCpf 
Tei+ [l - 2Q C QcCpc 

T • 
f pf 

fo UA QfCpf 
1 + 2Q C 

( 1 + I 
C pc QcCpc 
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'\, "' It should be noted that, for low flow rates (Qf • Qc• O), these equations 
are invalid. For this situation, both the AM'l'D ana the Lll'l'D analyses of 
a heat exchanger break down. However, most hydraulic systems which employ 
heat exchangers do not have operating conditions close ·to this singular 
point. 

Dynamic Analysis 

Although a steady-state analysis is important, it is time indepen­
dent and cannot provide any information concerning a changing input un­
til a new steady-state point is reached. A dynamic analysis does yield 
this continuous information, either on a component or system basis . Con­
sideration of a heat exchanger as a component is advantageous for a dy­
naaic analysis. Before this analysis can be done, however, the inputs 
to the component must be identified and a suitable state vector defined. 
'nle state vector for this case yields inlet and outlet temperatures for 
any point in time. 

The following quantities can conveniently be considered as inputs 
to the component:-

1. Qf 

2 .• Tfi 

3. QC 

4. Tei 

working fluid flow rate, gpm 

inlet fluid temperature, •c 

coolant flow rate, gpm 

i 1 1 •c net coo ant temperature, 

With no loss of generality for this analysis, one or more of these in­
puts can be held constant. A convenient definition of the state vector 
of the component can now be made. The state of the system is provided 
by the arithmetic mean temperature difference: 

Tfi + Tfo Tei+ Teo 
/J.T • 2 2 (9) 

This is used in place of the more generally used log mean temperature 
difference: 

LMTD • 
Tfo - T 

[ ci ] ln ------
Tfi - Teo 

Note that this is acceptable for any liquid-to-liquid heat exchanger 
configuration providing that the conditions of Eq. (1) prevail. 

(10) 

Solution of Eqs. (2,3,4) and (5) yield the following equations for 
the predictions of outlet coolant and fluid temperatures. Each of these 
expressions is explicitly a function of the component inputs and the 
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state vector: 

---------

• T + UMT 
ci QcCpc 

T co 

UA Tfo • 2Tci + (2 + QC ) ~T - Tfi 
C pc 

(11) 

Using relation 1 given earlier, together with eqs. (2), (4), (12) yields the following result: 

(12) 

(11), and 

6T 
C eq 

+ UA )] Q C .. 
C pc 

(13) 

Eq. (13) is the dynamic thermal model for the liquid-to-liquid heat ex­changer that is considered here. 

For the given set of inputs, this first-order equation is non-linear and thus does not have a closed-fora solution. However, a particular solution can be obtained by a numerical integration method. This is most conveniently done on a digital computer. Al.so, initial approximations for the equivalent thermal capacitance, C , and the UA parameter must be made before any simulation can be done~q The equivalent thermal cap­acitance can be initially approximated by setting it equal to the internal volume of the heat exchanger shell. The UA parameter can be estimated from the values of U and A given in the manufacturer's specifications for the heat exchanger. Also, "best" estimates of C and UA can be obtained from any of a host of computer programs for paraml~er identification and optim­ization [6,7) by using appropriate test data. 

Equations (11), (12), aud (13) were sillllltaneously solved numerical­ly by the DYSIMP computer program package [8]. 

Experimental Verification of Dynamic Model 

The only ~thod to prove or disprove the validity of any mathemati­cal model is experimental testing. For the case of interest here, dynamic tests are required. However, in conducting any dynamic measurements, there is one major pitfall. That is as follows: ls the dynamic response of the sensing and recording equipment considerably faster than the time variation of the measured phenomena? If not, the test results are in­valid and of no significance. If it is, the results that are recorded are usable and accurate. 

The heat exchanger used for this verification was of significant physical dimensions to cause it to have a relatively slow response time, approximately 15 seconds. Continuous-output, platinum-resistance, temp­erature sensing equipment with dynamic response times of two to three seconds was used to measure the inlet and outlet temperature of the t\lK) 
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fluid stream of the heat exchanger. In general, 110st recording equipment has response times of the order of several milliseconds or less. But, since the response time of the exchanger was comparatively slow, a digital readout devilce was used to record the temperatures at .the various ports of the exchanger. the flow rates of both the working fluid and the coolant were recorded simulatneously with the temperatures. A turbine meter was used to record the fluid flow rate, and a calibrated orifice flowmeter was used to record the cooling water flow rate. Knowledge of the non-linear orifice equation to calculate the coolant flow rate [9]. 

Q =-AC ~p C O d C (14) 
All of the tests were run such that the starting point of each one was at steady-state conditions (i.e. ~ all temperatures and flow rates constant). A temperature or flow rate input change was then imposed on the exchanger, and the corresponding responses of the outlet temperatures were recorded until another steady-state condition prevailed. 

For the series of tests that were conducted, the coolant inlet temperature and the fluid flow rate were held constant. Changes in inlet fluid temperature and coolant flow rate were made independent of each oth­er, and the corresponding temperature responses to these changes were re­corded. Increasing and decreasing inlet fluid temperatures were imposed on the test heat exchanger for a variety of coolant flow rates; and, for a constant inlet fluid temperature, the effects of a sudden change in coolant flow rate were also recorded. 

The test data acquired from these dynamic tests were them digitized and used in the computer simulation of the mathematical model for the exchanger to calculate the resulting outlet fluid and coolant temperatures. The input data to the computer program were the inlet coolant and fluid temperatures and the measured values of the coolant and fluid flow rates. Figs. 3-l(a) and 3-l(b) show typical results for calculated versus exper­imentally determined results for an increase or decrease in inlet fluid temperature; Fig. 3-2 illustrates the effect that a dynamic change in coolant flow rate has on the outlet temperatures of the heat exchanger. 
It was stated earlier that the "best" approximations to the equiva­lent thermal capacitance and the UA parameter can be obtained by one of many computer programs for parameter identification. The results depicted in Figs. 3-1 and 3-2 are the "best" estiaates to these two parameters. The close agreement of the predicted and experimental values reflects the accuracy of the estimation of these two parameters. 

Also incorporated into the simulation program is an error analysis. Table 3-2 is a summary of this. The average, maximum, and final value errors are given between the AMTD and the LMI'D. • The same error sumary is also given for the comparison of the experimental and predicted results for the outlet coolant and fluid temperatures. This table and the results shown in Figs. 3-1 and 3-2 indicate that the non-linear dynamic thermal 
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model for tl,e heat exchanger considered here is extremely realietic. 

The analysis presented above is generally applicable for liquid-to 
liquid heat exchangers and, with some modifications, can be applied in 

theraal analysis of liquid-to-air exchangers. 

- TilER.t.tAL ~DEL OF A COMPLETE SYSTEM -

Although modern control system theory is well suited for indivi-
dual component analyses, the end objective is to provide an overall system 
model. This is also the ultimate goal in the thermal analysis of fluid 
power systems. As an example to this, an open-center system consisting of 
a positive-disnlacement pump. a directional control val ve, a hydraulic 
motor, and a reservoir is analyzed. (Schematic is shown in Fig. 3-3). 

The simplifying assumptions used in the analysis are, in part, sim­
ilar to those used in the heat exchanger anal ys is. They are as follows: 

1. All frictional losses due to component inefficiencies can 
be considered as heat addition to the system. 

2. All heat is transferred to the surroundings from the reservoir. 
A constant overall heat transfer coefficient is applicable to 
the system. 

3. The value of the equivalent lumped thermal capacitance of the 
system is appro:,,·imated by the volume of the fluid in the reser­
voir. 

4. All internal component leakages are neg~igible. 

Application of a thermal energy balance to the system yields results 
that are similar to those obtained in the heat exchanger analysis: 

(15) 

Each of these terms can be defined mathematically. The heat storage rate 
within the system is given by the following expression: 

= C !J.T eq 
(16) 

where tJ.T c d/dt(T -Tamb). The heat transfer rate can be written as 
res 

follows: 
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H • UAfT -T ) trans res amb (17) 

The heat generation rate is a summation of the individual generation rates 
of the components constituting the system, For the orifices in the valve. 
this can be written as: 

H • k1QAP gen • 

s 

T 

Fig. 3- 3 . Schematic of Open-Center System. 

.45 

(18) 



where: k = conversion factor for dimensional consistency 1 

• 0.006427 Btu sec/in/lbf/min 

6P • differential pressure across the component, psi 

Q • flow rate through the component, cu in/sec 

Co~bining these equations yields the following result: 

. 
6T a (~H - UA(T -T b))/C 

~ gen res am eq (19) 

which is the dynamic thermal m>del for the overall system. Solution of 
this model predicts the reservoir temperature for any point in time. 

At steady-state conditions, Eq. (19) can be explicitly solved for 
the UA parameter, which is the lumped thermal resistance for the entire 
system. 

UA • H / (T - T ) gen res amb (20) 

Eq. (19) is inherently non-linear due to the first term on the right­
hand side of the equation. As a result, no exact solution for this equa­
tion exists for the dynamic case, but an approximate solution can be ob­
tained by numerical integration techniques. A digital computer can con­
veniently be used to reach these ends. 

The thermal model for this system was simulated on a digital com­
puter by using a modified version of the computer program for open-
center directional control valves (10]. Appendices D and E give brief 
descriptions of the algorithms used to solve both open and closed center 
systems. A simple Eulerian integration scheme is used to numerically 
solve the dynami c thermal DJdel. All of the si111.1lation runs are ba~ed on 
actual experimental data from metering tests of an open-center directional 
control valve. It should be noted that t he computer program performs the 
thermal analysis on a component-to-component basis, which includes all of 
the components of the system. As it is assumed that there are no thermal 
energy losses between the component, the output of one component serves 
as the input to the next. 

Fig. 3-4 shows the results for a simulation which includes the as­
sump~ions of constant pump and motor efficiencies, constant fluid vis­
cosity, flow rate, motor load, spool displacement, and an ambient temp­
era~ure of 85°F. Although the results obtained for these conditions are 
vai.uable for design and "worst case" specifications, they can be improved. 
Most hydraulic systems perform some sort of duty cycle. The simulation 
schemes were drafted with the flexibility to incorporate a duty cycle . 
To illustrate this the system was simulated for a duty cycle of positive 
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spool displacements and varying loads and system flow rates. The fluid 
viscosity and the pump and UX>tor efficiencies were the only factors that 
were assumed to remain constant for this simulation. Since duty cycles 
are comaonly only a few seconds long, it is advantageous to analyze only 
the first cycle and calculate the average heat storage, heat generation, 
and heat transfer rates for it. Knowing these average values and the 
duration of the cycle, the reservoir temperature can be calculated for 
time spans much longer than the duty cycle without high computing costs. 
The loads and displacements that were used in this simulation are shown 
in Figs. 3-S(a) and 3-S(b). The simulated response of the reservoir temp­
erature is shown in Fig. 3-6. 

Since temperature changes significantly affect fluid viscosity, the 
assumption that viscosity is constant in any thermal analysis of a hy­
draulic system is generally unacceptable. Such is the case in this 
analysis. Incorporating temperature effects on viscosity also requires 
the removal of the constant pump and motor efficiency assumption. Changes 
in viscosity create corresponding changes in component efficiencies. 
Thus, another computer simulation was made for the duty cycle of Figs. 
3-S(a) and 3-S(b), and it included the effects of temperature changes 
on pump and motor effi ciencies. Fig. 3-7 illustrates the results of vis­
cosity changes on the reservoir temperature, and Fig. 3-8 shows the effects 
of temperature and viscosity changes on both pump and motor efficiencies. 

As can be seen from Fig. 3-7, warmup time (i.e., time it takes to 
reach steady-state conditions) for the system as it continuously performs 
• ts duty cycle is approximately 60 minutes. This is for an e.mbient temp­
erature of 85°F (29.44°C), which corresponds to summer operating condi­
tions in the continental United States. Perhaps another po;nt of interest 
is: What is the temperature response and warmup time for arctic operating 
conditions? Another simulation was made for the same duty cycle, but an 
ambi t temperature of -20°F(-29°C) was used as the initial conditions 
for the simulation. For this case, it would take the system approximately 
100 minutes to reach a steady-state temperature of 94°F(34.4°C). • 

From th~ preceding discussion, it can be seen that thermal modeling 
of fluid power systems is not an unusually complex mathematical feat. In­
stead, it is a combination of a relatively strajghtforward applicat i on of 
basic physical laws and basic test data to yield a simple but accurate 
method for temperature prediction in fluid power systems. The methods 
presented here, although they focus upon a upecific situation, are suf­
ficiently general to be applicable to any system. Utilization of such 
methods is of significant value in assessing the performance of systems 
and in drafting rigorous and unambiguous specifications for procurement 
by resorting to machine simulation; expensive and time-consuming field 
trials can be considerably reduced and maximum use is made of test data 
on components and systems. 

- SUMMARY AND CONCLUSIONS -

Fundamental concepts of modern control theory and basic heat trans-
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fer and thermodynamic laws are well suited for the thermal analysis of 
fluid power systems. Application of these methods to hydraulic systems 
provides simple but accurate thermal models for components and systems. 
Such models provide a thorough knowledge of the te■peratµre characteris­
tics of a system. With this knowledge, component inefficiencies can be 
minimized in design stages, and the generation of high system temperatures 
and the many ill effects which they produce, can thus be avoided. 

Heat exchangers are integral components in many fluid power systems. 
An analysis for a liquid-to-liquid heat exchanger is presented here on 
the basis of the arithmetic temperature difference. Treatment of the 
heat exchanger as a component results in a multi-input, multi-output, non­
linear, dynamic thermal model. Solution of this model yields predictions 
of the AMTD and of the outlet coolant and fluid temperatures. Since this 
model is non-linear, the only feasible means of solving it, without resort­
ing to linearization techniques, is with a digital computer. Verification 
of the numerical solution of this model is provided by comparison with 
experimental test data. The experimental work is in general accordance 
with the test procedure presented under an earlier phase of the OSU-MERDC 
contract (11]. The close agreement of the experimental data with th~ sim­
ulated results substantiates the validity of the dynamic thermal model. 

A themal analysis of an open-center system is also presented. A 
dyn•ic thermal model is derived and numerically solved for a variety of 
cases. The most relevant solutions which are discussed include the per­
forman~e of a duty cycle, temperature effects on viscosity, viscosity 
effects on component efficiencies, and ambient temperature effects on over­
all reservoir temperatures. The usefulness of the model that is presented 
here is that prediction of individual component outlet temperatures are 
provided in addition to the prediction of the reservoir temperatures. 

The lumped parameter analysis that is given here illustrates a 
practical and simple method for thermal modeling of fluid power systems 
in general. Although a specific system is considered, the same procedure 
applies to any hydraulic system. In the case of large and complex systems, 
individual component analyses are cumbersome in many instances. However, 
the versatility of this method for thermal modeling allows individual 
analysis if it is desired, or components can be lumped together, as in 
general system modeling, to determine their net effect on overall system 
temperatures. Experime ,al data can always be used not only to verify the 
model but also, if necessary, to identify unknown parameters in the model. 
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CHAPTER IV 

COMPUTER-AIDED PROCUREMENT 
(Service Life) 

- INTRODUCTION -

The length of time which a hydraulic system can be expected to re­
main in service without major repair or maintenance is a primary concern 
in the procurement of such system. As the degree of sophistication of 
hydraulic systems increases and more severe duty cycles are imposed on 
them, field life becomes a much more critical procurement requirement. 
Thus service life analysis is an important part of the computer-aided 
procurement concept. 

Since a hydraulic system is composed of several components, its 
service life is determined by the performance of these components. From 
an engineering standpoint, the service life of a hydraulic component is 
the operating time during which the degree of performance degradation is 
acceptable. Ignoring catastrophic failure, service life is directly re­
lated to the contaminant wear tolerance of the fluid-exposed elements in 
the component and the contamination level of the circulating fluid. There­
fore, before a realistic analysis of the service life aspects of a hy­
draulic can be made, information must be available concerning the con­
taminant sensitivity of the system components and the filtration cap­
ability of the filter. 

Previous development work in this program has produced test pro­
cedures to appraise contaminant sensitivity of the more coDDDon hydraulic 
components as well as filter performance tests (1, 2, 3]. Due to the 
lack of information concerning average system dynamics, these test pro­
cedures were designed to evaluate the components under steady state 
operating conditions. Since the development of the on-board monitor, 
it is now possible to efficiently obtain realistic data on the dynamics 
of the system operating parameters such as pressure, flow, speed, and 
etc. Therefore, the purpose of this phase of the contract was to deter­
mine the influence of the system operating dynamics on the contaminant 
characteristics of hydraulic component. Such information will permit a 
much more rigorous evaluation of system service life. 

The operating parameter of a hydraulic system which most signifi­
cantly effects the contaminant sensitivity is the pressure duty cycle. 
Thus the scope of the work for this phase of the contract included the 
evaluation of pressure effects upon th~ contaminant wear exhibited by 
hydraulic pumps and valves. In addition, filter performance tests were 
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conducted to evaluate the influence of both ingress i on rate and flow surge 
upon the contamination level of a system. 

Service life analysis offers the only practical means today of 
appraising the potential life of fluid power systems. A compoRent which 
exhibits a low sensitivity to contamin.ant will have a high wear tolerance 
and can be exposed to greater contamination levels for a specific period 
of time than a component having a high sensitivity. The only ~~:l)' to real­
istically appraise the system service life is to evaluate the contaminant 
tolerance of the most critical components under the operating environment 
to which they will be exposed; and to determine the contamination level 
which will be maintained by the system filter in the same environment. 

- INVESTIGATIONS -

The activities pursued in this phase were divided into two basic 
catagories. The first category was concerned with the influence of sys­
tem pressure upon the contaminant sensitivity of hydraulic pumps and 
valves. The second was directed toward the effect of ingression rates, 
contaminant particle size distribution, and flow surges upon the perfor­
mance of hydraulic system filters. The work accomplished in each of 
these areas will be discussed separately. 

The contaminant sensitivity of a hydraulic component is reflected 
by a change in performance when the component is subjected to a specific 
contaminant environment. The term contaminant wear is also used to de­
scribe the deleterious effects caused by all active wear mechanisms which 
are influenced by entrained particulate contaminant in the fluid. The 
amount that the performance of a component degrades when exposed to~ 
contaminated fluid environment is a measure of the contaminant wear. 

The performance of any hydraulic component can be measured by several 
different parameters. The performance parameter needed to appraise con­
taminant wear must be a responsive operating variable which directly or 
indirectly reflects the contaminant sensitivity of the component. Based 
on the wrk accomplished previously on the OSU-MERDC Hydraulic Specifi­
cation Program, the best performance parameter for a hydraulic pump is 
the output flow rate. For a relief value the performance parameter is 
the pressure level maintained by the valve. The performance parameter 
for a directional control valve is either the pressure drop at a constant 
spool position and flow rate, or the flow rate at a fixed pressure and 
spool displacement. 

PUMP CONTAMINANT SENSITIVITY 

The contaminant sensitivity of a hydraulic pump as reflected by a 
degradation in the flow rate under a contaminated environment is signifi­
cantly influenced by the operating pressure imposed on the pump. To 
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evaluate the effects of both pressure levels and cycling frequency upon 
the contaminant characteristics of a pump, a number of tests were con­
ducted. Ten gear pumps were obtained from a pump manufacturer for pur­
poses of these tests. With the exception of the pressure imposed upon the 
pump, each test was conducted in accordance with the test procedure 
currently under consideration by NFPA (Project T3.9.18). This type of 
test progressively exposes the pump to increasing sizes of contaminant 
(from 0-SµM to 0-80µM, classi~ied from ISO contaminant ACFTD)while mon­
itoring the influence of each particle size on the output flow rate of 
the pump (4). 

Test Circuit 

Fig. 4-1 shows a schematic of the test circuit used to conduct 
the cyclic pressure pump contaminant ~ensitivity tests. The test cir-
cuit was the same as that utilized on the steady-state contaminant 
sensitivity tests for pumps [4] with the addition of the cycle valve driv­
en by a variable speed torque motor through a scotch yoke type linkage. 
By adjustment of the two variable restrictors shown in Fig. 4-1 the mean 
pressure and the ampliL~<l~ c~ the pressure excursions, were to be es­
tablished. The frequency of t he pressure cycle was varied by the speea 
of the torque motor. 

Test Procedure 

A total of seven pump contaminant sensitivity tests were conducted 
to evaluate the influence of pressure. The conditions to which these pumps 
were subjected to are listed in Table 4-1. The shape of the pressure wave 
measured at the pump outlet WRJ approximated sinusoidal. The procedure 
followed for these pump tests is listed below. 

1. The break-in procedure outlined in NFPA T.3.9.lB was used for 
each pump. 

2. The system volume and ~be •uantity of containant to be in­
jected was caloulated per NFPA T3.9.1B based uron the- r.~t~d 
flow at the average pressure shown in Table 4-1. 

3. The filter was b~,-,Hsod, the pressure cycle was initiated 
and the contaminant slurry was injected. 

4. The test was conducted for 30 minutes for each specified con­
taminant eltvironment. 
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Pump 
ID --

A 

B 

C 

D 

E 

F 

G 

5. After the 30 minute period the pressure cycle was terminated, 
pressure was adjusted to the specified average pressure, and 
the system was filtered for 10 minutes. 

6. After the filtering period the final flow rate was recorded. 

7. Steps 3 through 6 was repeated f0r each particle size. 

Table 4-1 

Sumnary of Test Conditions for Cyclic 

pressure pump Contaminant Sensitivity Tests 

Speed Average Pressure Pressure 
1 RPM) Pressure (Psi Amplitude (Psi) Frequency (CPM) 

2000 1000 ------- ---------
2000 1500 ------- ---------
2000 2000 ------- ---------
2000 2000 2250-1750 1 

2000 1500 1250-1750 1 

2000 1500 1000-2000 1 

2000 1500 1250-1750 2 

Test kesults 

As shown in Table 4-1, three pump tests were conducted at constant 
pressure to provide a base line for evaluating the cyclic pressure tests. 
Four tests were conducted with the cyclic pres sure conditions indicated 
in Table 4-1. The results of all seven of these pump tests are shown in 
Table 4-2. To facilitate a clearer comparison between these test results 
of three steady pressure tests are plotted in Fig. 4-2, the results of the 
tests where the mean pressure was 1500 psi are shown in Fig. 4-3 , while 
the 2000 psi mean pressure tests are illustrated in Fig. 4-4. 
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It can be seen from this data that the mean pressure maintained at 

the outlet of the pump had a significant effect upon the contaminant wear 

exhibited. However, it is difficult to conclude from the results of 

these cyclic pressure tests that there is any signific~nt influence due 

to the varying nature of the pressure imposed on the pump. While the re­

sults of the 2-cycles--per-111inute test did indicate a slight improvement 

in the contaminant tolerance of this pump, the difference was small when 

compared to the effect of various mean pressures and must be discounted 

untill additional verification tests are conducted. 

Pump ID 

Table 4-

Sumnary of Test Results for Cyclic 

Pressure Pump Contaminant Sensitivity Tests 

A B C D E F 

Test Pressure(ps ) 1000 1500 2000 2250- 1750- 2000-

and Conditions 1750 1250 1000 
1 CPM 1 CPM 1 CPM 

Rated Flow 17.7 17.4 17.2 17.4 17.6 17 .6 

0-5µm 1.0 1.0 1.0 1.0 1.0 1.0 

0-l0µm 1.0 1.0 1.0 1.0 1.0 1.0 

) 0-20µm 1.0 1.0 1.0 1.0 1.0 .994 
0 

.-I 
i:a. 

"CS 0-30µm .994 .994 .994 .994 ,994 .994 
GI 

"' ~ 0-40µm .994 ,989 .971 .980 ,966 .994 

'iii 0-50µm ,983 .966 .930 .967 .946 .974 
~ 
1114 

1M 0-60µm . 960 .937 .895 . 914 .923 .940 
0 

0 0-70µm .938 .908 .849 .833 .903 .912 .... 
"' ~ 0-SOµm .921 .868 .797 .782 .869 .872 

G 

1750-
1250 
2 CPM 

17 .4 

1.0 

,993 

.993 

.993 

.993 

.986 

.946 

.930 

.881 

Under the assumption that pressure cycling did not influence the 

contaminant sensitivity of this pump, the four tests which were conducted 

at a mean pressure of 1500 psi can be averaged and presented as one test. 

Also, the two tests which were run at a mean pressure of 2000 psi can 
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be represented by three tests as in Table 4-3. 

Interpretation ~ Pump Test Results 

Research work conducted at the Fluid Power Research Center and spon­
sored by the Basic Fluid Power Research program has led to the develop­
ment of a computer algorithm which processes the laboratory results from 
a contaminant sensitivity test (4). 

Table 4-3 

Swmnary of Average Results from Pump 

Contaminant Sensit i vity Tests at Various Pressures 

Pump ' Hean Aver. AVERAGE t ' ,UON OF FINAL TO RATED FLCM 

ID Press, rated 0-5 0+-10 0-20 0-30 0-40 0-50 0-60 0-70 0-80 
(psi) flow m ):Im µm ):lDl µm ):Im µm µm µm 

X 1000 17. 7 1.0 1.0 1.0 ,994 ,994 .983 .960 .938 .921 

y 1500 17.S 1.0 ,998 ,997 .994 .986 .968 ,937 . 913 .873 

z 2000 17.3 1.0 LO 1.0 ,994 .976 .949 .905 .841 .790 

A computer program which employees this algorithm has been deve~op­
ed by the Fluid Power Research Center, and is currently available at the 
computing facilities at Ft. Belvoir, Virginia. Basically, this program 
utilizes the data such as shown in Table 4-3 and the contaminant wear 
expression [3] given by: 

Where: 

~ = -S(n) 
dt 

dN 
dt 

Q • output flow of pump 
S • Contaminant Sensitivity 
N • Number of particles to which the pump 

is exposed 

(1) 

The computer program calculates the contaminant wear coefficients (a) 
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which relate the contaminant sensitivity of the pump to the particle con­centration of the fluid. Since most hydraulic components have a different contaminant sensitivity for each particle size range of interest, the sensitivity of a pump is represented by several wear coefficients (ao-5, a5-10, etc). The contaminant wear equation for a pump as given by Eq.(1) expresses the degradation in flow rate with respect to time. Thus, once the wear coefficients have been determined from the laboratory test re­sults, the time for the flow to degrade a specified amount when the pump is exposed to a given contaminant environment in the field can be calcula­ted. However, since the contaminant sensitivity of a pump is influenced by the operating pressure, the contaminant life predicted by the computer will reflect the pressure at which the pump was tested. 

A practical way of expressing the sensitivity of a hydraulic com­ponent is by the use of the
2contaminant tolerance profile. The profile is the locus of all log-log particle size distributions which can con­tinuously exist in the exposed fluid and still allow the pump to exhibit an acceptable contaminant life under a given pressure duty cycle. By selecting a service life of 1000 hours and a maximum flow degradation of 20%, three contaminant tolerance profiles can be determined from the data given in Table 4-5 (one profile for each of the pressure conditions). These three 1000 hour tolerance profiles are shown in Fig. 4-5. 

It can be seen from Fig. 4-5 that this pump has a lo"'1E!r tolerance level or a greater sensitivity to contaminant when operated at a mean pressure of 2000 psi than when exposed to a mean pressure of either 1500 psi or 1000 psi. To illu~trate the influence of pressure in a different manner, the service life of the pump was calculated for each pressure level under a typical field contamination level (based on paper P73-CC-l, Ref. [SJ) shown in Fig. 4-5. When exposed to this contaminRnt environ­ment and subjected to a mean pressure as low as 1000 psi, the pump will have an expected service life of approximately 1600 hours. Ho"'1E!ver, 'with the same environment and an average pressure of 1500, the service life of the pump will be reduced to about 1000 hours; and finally, at an aver­age pressure of 2000 psi the pumps wuld last only about 560 hours. This means that if this pump "'1E!re used in a system which imposed a mean pres­sure of 2000 psi on it and the system filter maintained a contmination level as shown in Fig. 4-5 the flow rate of the pump would reduce to 20% of its original value in about 560 hours of system operation. It has been determined from industrial opinion that a flow degradation of 20% would be quite noticeable to the operator in the form of slower operation of the system. 

Conclusions and Recommendations 

It is felt that the results of these pump test have adequately demonstrated the influence of system pressure duty cycle upon the ser-vice life of a pump. It was concluded that the peak to ~eak amplitude of pressure fluctuations had no measureable effect upon the contaminant sensitivity of the pump. However, the sensitivity appec.red to be slightly 
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improved at higher cycle frequencies. Unfortunately, the magnitude of the 
improvement was not sufficient to support any conclusions in this regard. 
It is reco111111ended that additional tests be conducted at much higher 
frequencies (i.e. 10 cycles per minute or 20 cycles per minute) in order 
to ,., .. rify this effect. Such tests could also provide additional inform­
ation concerning the influence of peak-to-peak amplitude variations. 

The interpretation placed upon the results of these tests was not 
meant to label this pump as either a good pump or a bad pump. Instead 
it was intended to show a subjective evaluation of the service life of 
this pump under the indicated operating environment (both pressure duty 
cycle and contamination level). It has been demonstrated however, that 
information concerning the contamination level \lo'hich exists in the system 
fluid and the pressure duty cycle imposed on the pump is necessary in 
order to realistically appraise the service life of a hydraulic pump. 

VALVE CONTAMINANT SENSITIVITY 

Almost every hydraulic system which utilizes a positive displace­
ment pump will also incorporate a system pressure relief valve for pres­
sure protection and a directional control valve to direct the pump flow 
to various parts of the system. While previous work (2,3, & 5) has sug­
gested that the contaminant sensitivity of the system pump will more often 
determine the protection contaminJntion level needed by the system, the 
sensitivity of each directiona1 and pressure relief valves should not 
be omitted from a comprehens: ~e service life appraisal. 

The operation of a directional control valve does not easily lend 
itself to simple incorporation into a contaminant sensitivity test. ·Not 
only is such a valve subjected to a pressure duty cycle similar to that of 
the pump, but it is also exposed to an operational duty cycle which re­
flects movement of the valve spool by the operator. The directional 
valve contaminant test procedure previously developed (2) specified that 
the test be conducted with the valve spool fixed in a position which throt­
tled flow frcm the inlet to the work port. Therefore, these tests did 
not incorporate the effect of either the pressure duty cycle or the op­
erational duty cycle. 

A system pressure relief valve is only required to operate when the 
pressure developed in the system exceeds the setting of the valve. Thus 
such a valve to exposed to a flow duty cycle. The pressure relief valve 
contaminant sensitivity test developed for MERDC specified that the flow 
rate through the relief valve be a constant value based upon the rated flow 
of the valve. Therefore, a flow duty cycle which is nonnally imposed on 
a relief valve was not incorporated into this test. 

Both the directional valve and the relief valve contaminant sensiti­
vity tests previously conducted provided repeatable information which cer­
tainly discriminated between various valves. However, sit ce these tests 
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did not include the influence of systea dynamics their use in the computer­
aid procurement concept was not completely realistic. Therefore, tests 
were conducted during this phase of the OSU-MERDC program to dPmonstrate 
the effects of pressure and operational duty cycles on directional valves 
and flow duty cycle on relief valves. 

Test Circuit 

The valve contaminant sensitivity test stand at the Fluid Power 
Research Center (FPRC) was utilized for these valve tests. The concept 
of the tests involved an attempt to test a directional valve and two 
relief valves simultaneously. To accomplish this, the circuit as shown 
in Fig. 4-6 was designed, A four way, open center direction control 
valve was utilized. This valve was similar in design to those found on 
mobile construction machinery. Two ca~tridge type pressure relief valves 
were installed at the work ports of the directional valve. As can be 
seen in Fig. 4-6, flow was subjected to the directional valve, and depend­
ing upon the spool position, was either directed through the open center 
passages in the vale or to one of the work ports. From the work ports 
the flow was forced through one of the two pressure relief valves and was 
allowed to by-pass the other relief valve through a one way check valve. 

In order to simulate different pressure duty cycles, one relief 
valve was set at 2000 psi while the other had a pressure setting of 1500 
psi, The directional valve spool was continuously cycled by the torque 
motor which was coupled to the spool by a schotch yoke linkage. The 
spool motion thus achieved was very nearly sinusoidal at 30 cycle per min­
ute. Therefore, these tests subjected the directional control valve to 
both an operational and pressure duty cycle while the relief valves were 
exposed to a regulated flow duty cycle, 

The performance parameter which was utilized to evaluate the con­
taminant wear exhibited by the directional valve was metering character­
istics. This was accomplished by measuring the flow from the valve inlet 
to work port at various positions of the valve spool. Valve outlet pres­
sure was maintained at a fixed value during the measurement of the meter­
ing characteristics. The performance parameter selected for the relief 
valve was the pressure versus flow curve. Variations in the magnitude and 
shape of this curve will reflect any contaminant wear which occurred. 

Test Procedure -
The test circuit described was designed to function in conjunction 

with the valve contaminant sensitivity test facility discussed in Refs. 
[2 & 3). In this way, the prescribed test procedure exhibited minimum 
deviation from the static valve contaminant test procedure deve j oped in 
past work. The following is a su11111ary of the test procedure devised for 
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the dynamic valve tests. 

1. The valves were installed in a circuit as shown in Fig. 4-6. 

2. The system volume was adjusted to be numerically equal to¼ of 
the test flow rate of 20 GPM. 

3. The system temperature was maintained at 15o•F + 5.4°F while flow 
was maintained to within+ 2 percent of the designated value. 

4. The system was filtered to a contamination level of less than 1 
particles per millilitre greater than 10 micrometres and was 
validated as described in Ref. [3,4]. 

5. The cycle rate of the spool was adjusted to 30 cycles per minute. 
A cycle is constituted of the following: starting with the spool 
in the center position, displacing it both ways from the center 
to full displacement is thert returning to the centered position. 

6. The system filters were switched out of the system and contami­
nant was added to produce a 300 mg/t of 0-5 micrometre slurry 
in the test loop. 

7. The valve spool was cycled for 30 minutes at the specified flow. 

8. The clean-up filters were switched back into the circuit for 
30 minutes of cleaning, while the valve spool continued to cycle. 

~- After 30 minutes clean up period, the valve spool was positioned 
at various displacement throughout its cycle to permit measure­
ment of the necessary pressures and flow~. At each position of 
the spool, the system was allowed to stabilize before measurements 
were recorded. 

10. Steps 5 through 9 were repeated for the following particle size 
ranges: 0-10, 0-20, 0-30, 0-40, 0-50, 0-60, 0-70, and 0-80 micro­
metres (classified from ISO approved ACFTD). 

Test Results 

The results from these preliminary dynamic contaminant tests were 
somewhat disappointing. First of all, it was discovered that the valve 
contaminant stand which was designed for static testing was stru~turally 
inadequate for dynamic testing. The pressurP cycling imposed upon this 
test circuit resulted in many failures which significantly lengthened the 
test time and seriously strained the schedule for other testing. Also, 
the degradation reflected by both the directional valve and the relief 
valves was not sufficient magnitude to complete a realistic service life 
analysis. That is, the contaminant wear observed after exposing the valve 
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to a given particle s ize range was not large enough to assign an accurate 
value to that particular range. Ho~ever, a measureable degradation had 
accumulated by the conclusion of the test. 

To illustrate the nature of the contaminant wear or performance de­
gradation which resulted from these tests, plots were made of the flow 
versus spool position for the directional valve and pressure versus flow 
for the pressure relief valves. Fig. 4-7 illustrates the initial flow 
versus spool displacement which was exhibited by the directional control 
valve used. The two curves shown in Fig. 4-7 represent different down­
stream pressures which simulate valve load. 

The results obtained after subjecting the directional valve to con­
taminant ranges from 0-5 micrometres to 0-80 micrometres per the test 
procedure previously outlined indicates that very little degradation had 
taken place. Fig. 4-8 graphically depicts a subjecti~e evaluation of the 
degradation; however, as has been pointed out, due to the small amount 
of change, it was impo1:1sible to realis.tically assign this degradation to 
a definite particle size range. In Fig. 4-8, the solid line represents 
the metering curve before contaminant exposure, while the dashed line il­
lustrates the curve after the complete contaminant test. 

Fig. 4-9 shows the characteristics of the pressure relief valve. The 
solid lines in Fig. 4-9 represents the relief valve curve before any con­
taminant wear had taken place while the dashed line depicts the valve per­
formance after the contaminant sensitivity test. As was the case with the 
directional valve, the total degradation measured after each particle 
size range was so small that accurate measurement was not possible. Thus, 
no attempt was made to perform a service life analysis based upon this data. 

Conclusions and Recommendations 

Al t hough it would seem that very little could be concluded from the 
results of these valve contaminant tests, this is not entirely true. The 
original intention of this work was to demonstrate the influence of the 
various duty cycles to which valves are subjected by the comparison of 
the results of these dynamic tests with those obtained on similar valves 
using a static test. Such a comparison reveals that while the degrada­
tion observed during the static tests was both measureable and signifi­
cant, the same cannot be said for the dynamic tests conducted. This 
fact alone could indicate that the static tests are more severe but less 
realistic as a basis for service life evaluation. 

In order to understand the difference between the static tests re­
ported in Ref. (3) and the dynamic tests discussed here, the contaminant 
wear equation (Eq. (1)) must be considered, This equation can be illust­
rated as follows for any hyd~aulic component: 

dP 
-= 
dt 

-S (n) dN 
dt 
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Fig. 4-7. Typical Flow Versus Spool Displacement for the Directional Valve Before 
Contaminant Expo~ure. 
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Fig. 4-8. Flow Versus Spool Displacement After Contaminant Exposure. 
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Where: dP 
-= 
dt 

Rate of change of the selected component performance 

parameter. 

S • Component contaminant sensitivity 

dN dt = Contaminant Exposure rate 

It should be noted that this equation states that the rate of per­

formance degradaticn is not only a function of the sensitivity of the 

component but also the rate at which it is exposed to the contaminant par­

ticles. Therein lies the problem experienced in obtaining the results of 

the dynamic tests. If the rate of the contaminant exposure during the 

static tests is compared to that maintained during the dynamic tests, it 

can be shown that the exposure rate is sign i ficantly lower for the dynamic 

caSf!. 

In a contaminant test on a hydraulic component the contaminant is 

entrained in and carried past the wear surfaces by the fluid. Thus, the 

exposure rate experienced is a function of both the particle concent ra­

tion in the fluid and the flow rate. In the state tests on directional 

control valves, the spool was set at a fixed displacement which throttled 

rated flow from the valve inlet to one work port. Thus, one metering or­

ifice was subjected to contaminant and the area and exposure rate were 

constant throughout the test. In the dynamic tests the spool was cycled 

resulting in the use of both work parts and their associated metering ori­

fices by the spool motion, _the flow rate was not constant. The average 

flow rate through one of t e metering orifices was approximately 1/3 of 

that used in the static tests and this aver8ge glow rate passed through 

each orifice for 1/2 of the test time. Therefore, the contaminant ex­

pouure rate which characterized the dynamic teots was only about 1/6 

of that of the static tests. 

Since the test times were the same, if the results of the static 

tests had shown a 30 to 40% degradation in performance after the complete 

test, the results after the dynamic test would have only been 5~%, entire­

ly because of the difference in contaminant exposure rate. The perfor­

mance degradation results of static tests for these valves (Ref. [3]) was 

about 30% for the directional valve and 80% for the relief valve. Due 

to the difference in exposure rate, about 5% and 14% performance degrada­

tion could be expected from the directional valve and relief valve re­

spectively during these dynamic tests even if the sensitivity was unaffect­

ed by the dynamic conditions. Since the actual results from the dynamic 

valve tests which were conducted indicated a 2-4% degradation, it can be 

reasonably concluded Lhat the d!,lty cycles wh i.ch were imposed during the 

test had a significant influence upon the r~sults. 

Because the results were not sufficient to perform a rigorous ser­

vice life analysis, it must be recoD111ended that additional testing be con­

ducted to develop a revised test procedure which is capable of providing 

the necessary data. Based upon the results of these tests as well as the 

previous static tests, it is felt that such a revised procedure must in-
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elude either hi.gher concentrations of contaminant or longer test exposure 
time~ in order to compensate for the low exposure rates inherent in the se 
tests. Th~ results of these preliminary dynamic valve contaminant sens­
itivity tests ar~ sufficiently encouragi ng to warrant a recommendat io n fo r 
further testing. 

CONTAMINATION LEVEL CONTROL ( FIL'iER PERFORMANCE) 

The servi ce life of the components in a hydraulic system has bee 
shown to be directly related to both the sensitivity exhibited by the 
component and the contamination level maintained in the circulating fluid. 
Since the system filter is required . to achieve and maintain a contamination 
level in the system which is compatible with the contaminant sensit i vit y 
of the critica l system components, knowledge of the factors which in­
fluence its performance are crucial to. a service life analysis. Based 
upon the results of a great many mult i -pass filter tests and the theoret­
ical relationships which describes th~ filtration process [3,4], it 
can be shown that the ingression rate which is imposed on the system and the 
flow duty cycle to which the filter is subjected will both influence the 
resulting contamination level of the system. Furthermore, as a result of 
the work accomplished during this phase of the OSU-MERDC program, it will 
be shown that the particle size distribution of the ingressed contaminant 
can have an effect upon the service life of a filter itself. 

in order to present the results of the activities of this phase in 
an orderly manner, three subd i visions will be utilized--ingression rate e f ­
fects, surge flow effects and particle size distribution influence. 

Ingression Rate Effects 

In order to clearly establish the intent of this investigat ion, some 
discussion of the term "ingres s i on rate" is appropriate. It makes very 
little difference to the filter where the contaminant to which it is sub­
jected originates. Although, it is common pract i r.e to subdivide the 
contaminants in a system as to their source (ingressed, gene r a t ed, or 
built-in), when vie~d at the filter inlet, such discrimi nation can un­
necessarily c l oud the issue here. Thus, ingression rate is used i n t uis 
report to impl y all contaminants introduced into the system fluid r e gard­
less of their origin. 

Theoretical Development 

The influence of ingression rate is predicte d by the mathemat ica l 
relationship which describe s the contamination level of a hydraulic s ys t em 
[2,3]. This expression for the cont aminat ion level downstream of the 
filter [6] can be written as follows: 
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Where: 

!/Nd) + 
Bµ - 1 

Bµ 
Nd • R 

BµV 
(2) 

Nd• Cumulative particle concentration of size greater 
than µ per unit volume of fluid downstream of the 
filter. 

8µ - Filtration Ratio 

Q ... Flow through filter 

V • total volume of fluid in system 

R = ingression 

This equation represents the governing relation for the entire filt­
ration process. This expression does .not restrict the magnitude nor the 
mathematical form of any parameter. It should be noted that Eq. (2) clear­
ly shows that the particle concentration is a function of the ingression 
rate and flow rate as well as the separation capability of the filter. 

By placing the invariant constraints on the parameters of Eq. 
(2), an analytical solution can be obtained [6]. However, from the great 
many multi-pass filter test which have been conducted, it has been ob­
served that the time required for the filtration process to reach a steady 
state is relatively short (minutes). Therefore, the performance of a 
filter is much more realiS"ti~ally represented by the steady state or 
stabilized conditions which it will maintain in a system. 

The steady state relationship for the downstream contamination level 
is described by the following expression: 

Nd • R 
Q 

(8µ - 1) 

(3) 

It can be noted from Eq. (2l_ that the magnitude of the steady state down­
stream contaminant level, Nd, is still influenced by ingression rate, flow 
rate, and tht: performance of the ___ ... ter. Eq. (3) can be graphically il-
lustrated as shown in Fig. 4-10 by the solid lines. In this figure, the 
filtration ratio has been plotte , against the downstream particle concent­
ration exhibited at this size which insures greater accuracy. 

The ingression rates shown in Fig. 4-10 are expressed in both numb~r 
particles per millilitre greater than 10 micrometres and milligrams per 
litre for ~nvenience only. Since ingression rate, R, is normally express­
ed in either milligram per minute or number of particles greater than 
some given ~ize per minute and flow rate can be given in litres per minutes, 
this is a straightforward conversion of units. In addition, as shown in 
Fig. 4-10, such unitb eliminate flow rate and produce more general results. 
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·1'est Results 

The results of 15 multi-pass type filter tests au i.ncluded in the 
verification of the ingression rate influence. Some nf these tests were 
not conducted per the standard multi-pass test procedure [7], in that the 
injection rate was either higher or lower than the specified 10 mg/t. This 
deviation from the standard test was deliberate in order to simulate the 
effects of ingression rates other than 10 mg/t. The contaminant injection 
rates actually utilized were 1, 5, 10, and 30 mg/t. 

A summary of the results from the 15 filter tests is given in Table 
4-4. In addition, these results are also plotted on Fig. 4-10 to aid in 
a visual comp arison of the theoretical prediction and the experiment a l data. 
As can be noted from Table 4-4, three elements were tests at an ingression 
rate represented by a R/Q valve of 4320 particles greater than l0~M per 
millilitre (equivalent to 30 mg/ t). }t'.ive elements were tested at J.440 
(10 mg/t), six elements at 720 (5 mg/t), and only one test was condur.ted 
at 144 (1 mg/t). Testing at 1 mg/twas extremely difficult because of the 
excessive time necessary to load the elements in light of the limitations 
in size of the test system. All filter elements were taken to a termi nal 
pressure drop of 40 psid at a constant flow rate of 20 gpm. The exper­
imental particle counts which were obtained from these verification tests 
are shown in Fi g. 4-10 as circles for the 30 mg/t tests, squares for 10 
mg/t, triangles for 5 mg/t and a diamond for 1 mg/t test. 

it is interesting to· note that the filters identified as 1, 2, and 
3 are the same element from one manufacturer run at different ingression 
levels. Filters 4 and 5 were represented to be the same by a second fil­
ter manufacturer and filters 6 and 7 are supposed to be identical from a 
third manufacturer. These elements are noted on Fig. 4-10 by their ID 
number beside the respective data point. The remaining eight elements a re 
all different filters. These "identical" filters are mentioned to il­
lustrate that a change in the ingression rate is not reflected by a 
change in the filtration ratio. The small difference.fl in a ratio which 
can be observed in Table 4-4 are due predominantly to element variations 
and should not be interpreted to reflect ingression effect s . 

Conclusions and Recommendations 

The close correlation between the theoretical and the experimental 
results demonstrates the capability of the filtration equation to pre­
dict the steady state system contamination level from knowledge of the 
performance of the filter and the ingression rate imposed on the s ys tem. 
It can be seen in Fig. 4-10 that in order to maintain a cor s tant down­
stream contamination level in the face of increased ingression, a sign­
ificantly better filter (higher beta ratio) is required. Expressed in 
another way, the steady state contamination level of a system has been 
shown to be dependent upon the ingression rate for a given filter appli­
cation. 
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Table 4-4 

su-•ry of lnar•••ion Teat le•ult• 

Dovn■ tre• Particle Count > l0~M/•1 

Filter ID 810 1/Q • 4320 1/Q • !440 1/Q • 720 R/Q • 144 

1 2.5 928.6 

' 
2 2.1 581.7 

3 2.9 79.2 

4 7 .o 280.4 

5 5.2 181.5 

6 119.8 12. 75 . 
7 98.0 7.83 

I 
8 2.23 550.0 

9 1.17 3520.0 ... 
10 48. 74 31.6 .. 
11 1.72 5069.8 

12 29.71 152 .1 

13 1.98 694.8 .. 
.. 14 423.61 8.9 

"" " 22,85 73.67 



Since it has been adequately demonstrated that the f i ltration equa­

tion successfully accounts for changes in contaminant ingression rates, no 

more testing is necessary. Once the effects of flo~ surges are evaluated 

the relationship can be realistically applied in a service life analysis 

to predict the contamination level imposed on the system components. 

Surge Flow Effects 

In an actual hydraulic system, the flow rate through the system is 

not constant, but it can vary from as low as zero to a rate considerably 

above manufacturer's recoanendations. Based on observations made during 

both pump contaminant sensitivity testing and multi-pass filter testing, 

it was concluded that variation in flow through a filter can have a sign­

ificant effect upon the separation performance exhibited. Before perform­

ing a service life analysis of a hydraulic system, information must not 

only be available concerning the flow ·duty cycle imposed on the filter 

but the influence of such flow variat i on must be determined. 

The initial investigation concerning the i nfluence of flow cycling 

upon filter performance was reported in Ref. (4). The test method used 

to simulate flow changes employed the bas ic multi-pass filter test proce­

dure (7) with a means of sinusoidally varying the flow rate. For these 

tests the flow was cycled between zero and rated flow of the filter. Also, 

to simulate different flow duty cycles the frequency of the flow wave was 

varied· between O and 1.0 C¥cles per second. A summary of th~ results ob­

tained from these tests is shown in Table 4-5 . From these results it 

was clearly shown that the frequency of flow variation had a significant 

effect on both the separation performance and contaminant capacity of 

system filters. 

However, the flow variations exhibited by hydraulic systems are 

usually neither sinusoidal nor of constant amplitude. Therefore, addi­

tional investigations were conducted to determine the effect of surge 

flow. A complete mathemat i cal treatement of the effects of flow surges 

is included in Ref. (8). 

Test Procedure 

The test fixture used for this work was similar to the standard 

multi-pass facility with the addition of several parallel by-pass loops 

around the test element. Likewise, the actual tests were conducted in a 

manner identical to the standard multi-pass method (7) with the excep-

t i on of periods of flow s urges . Si nce a ball valve was located in each of 

the by-pass loops, by quickly opening and c losing different arrangements 

of these valves various magnitudes of fl ow surges could be imposed upon 

the test filter. 
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The actual test procedure involved continuously injecting AC Fine 
Test Dust at 10 mg/i at a constant flow rate of 10 GPM. After five min­
utes, upstream and downstream fluid samples were extracted. Then, the 
flow samples were extracted. Af ter two minutes at 12.5 GPM the flow was 
reduced to 10 GPM, held constant for 2 minutes, sampled and sharply in­
creased to about 20 GPM. At 20 GPM, samples were again extracted, the 
flow was held for 2 minutes, and then reduced to 10 GPM where sampling 
was repeated. The same procedure was performed an additional time, but 
the flow was increased to about 30 GPM. After returning to 10 GPM from 
this third surge, the system was allowed to operate until a pressure in­
crease equal to 5 percent 0f the net differential pressure was attained. 
At this point the three flow surge-samplings were repeated. Fig. 4-11 
shows typical curves for the flow rate and differential pressure measured 
during the tests. 

Test Results 

Filter ele•nts representing four different manufacturers were eval­
uated according to this test procedure. Each element had a manufacturer's 
reco11111ended flow rate of 20 GPM and each element was expected to have a 
different minimum filtration ratio at 10 micrometres. It was assumed that 
each element type would yield different ch aracteristics when subjected 
to the f l ow surges and t hus provide a good discriminatory evaluation of 
the influence of Rurge flow. 

Table 4-6 presents a summary of the results of each flow surge test. 
It can be noted that, for each filter, the surge magnitude was not ex­
actly equal to 1.25, 2.0, and 3.0 as was planned in the test procedure. 
These deviations were due to the unique differential pressure character­
istics exhibited by each filter. The results obtained for Filter E should 
be discounted because this filter appeared as if it had collapsed. 

Conclusions and Recommendations 

Based upon the results of these two sets of tests (sinusoidal flow 
cycle and flow surge) it must be concluded that both the magnitude and 
frequency of the variations exhibited by the flow duty cycle imposed on 
a filter will significantly influence it s performance capability. In 
addition, there is sufficient evidence, as a result of these tests, to 
conclude that the apparent contaminant capacity can increase from as 
little as 12% to as much as 74%. Because of the results of these two 
studies, it is recommended that two things be considere d: !)investigate 
field flow duty and 2) a standard te s t or se ries of t es ts be formulated 
which are capable of producing sufficient information t o determine the 
influence of both magni t ude and frequency of flow surges. 
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TABLE 4-6: s-ry of ll1ult■ o! flow Sur:• Te■tl 

Filter A B C D El 

Surae Magnitude 
1 1.23 1.25 1.28 1.23 1.26 

1uaa1 e10 Before 4.80 95.80 60.60 29.90 54 .80 
e10 After 2 7 .30 74.60 68 . 50 21.10 50.80 

fl e10 Raductioa 1.52 0.78 1.13 0.71 0.93 

Surae Magnitude 1.80 1.98 2.04 1.81 1.90 

auaca e10 Before 6.60 96.30 93.50 35.10 148.60 
e10 After 6.70 43.30 ll.60 27 .20 74.40 

12 810 Reduction 1.01 0.45 0.55 o. 77 • o.so 

Surae Magnitude 2.55 i.84 J.02 2.50 I 2.9s 

auaca 810 k.fore 8.40 67.90 94.50 76.00 125.80 
810 

A 'ter 4.00 10.10 55.60 9.33 25.40 
13 810 Reduction 0.48 0.15 0.59 0.12 0.20 

Surae Magnitude 1.23 1.28 1.26 1.24 1.25 

auaca 810 Before 7.80 18.60 75.60 28.50 2.04 
810 After 8.60 13.10 49.60 25.30 1.05 

14 810 Reduction lolO 0.10 0.66 0.89 0.64 

Surge Magnitude 1.90 2.10 2.67 1.88 2.78 

SURGI 
810 Before 5.20 14.70 121.70 16.20 1.05 
810 After 6.60 8.80 41.40 6.01 1.47. 

IS e10 Reduction 1.27 0.60 0.34 0.37 1.40 

Surge Magnitude 2.78 J.1', 4. 70 2.70 4.68 

SUIIGI 
s10 Before 9.10 10. 70 261.00 21.50 1.00 
810 After 2.09 3. 71 40.40 2.62 0.96 ,, e10 Reduction 0.23 .35 0.15 0.12 0.96 

.l. Surge magnitude la the ratio of the flov rate after the ■urge to 

that before . 

2. SJ.a reduction ia the ratio of -e10 after the ■ur• to that before 

t aur•· ,. &le•nt E exhibited characteri■tica cf ele•nt failure betwea the 

dltN and forrth •ur••• 
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P~rticle Size Distribution Influence 

The contaminant capacity of a filter is usually expressed in terms 
of the number of grams of a specific contaminant to which the filter can 
be subjected to reach a ~redetermined pressure drop. It has been shown 
previously that the contamination level achieved in a system is a function 
of the ingression rate. From the definition of filter capacity, it should 
now be obvious that the change period or service life of the filter is 
also a function of ingression rate. 

During the dynamic flow study, H. was shown that flow variation can 
produce significant changes in the capacity of a filter. However, there 
is one other factor which aeriously influences filter service life. This 
factor is the particle size distribution of the contaminant which is 
introduced into the system. In order tc, evaluate the effect of distribu­
tion and provide a more realistic app~aisal of filter service life, a con­
cept was developed and the results of ;;4 filter capacity tests were uti­
lized to validate this theory. 

Theoretical Considerations 

If it is assumed that only those particles of a size which will block 
the capillary passages of a filter significantly affect the pressure drop 
versus contaminant added characteristics, thest: sizes of particles become 
of particular importance. In order to determine the critica~ particle 
sizes, the penetration factor developed in Ref. [6} can be used. These 
factors are based on the results of over 70 multi-pass filter tests on a 
broad spectrum of filters. The pen~tratiot. curves are shown in Fig. 4-12. 

In general, the curves depicted in Fig. 4-12, represent the percent 
contaminant which penetrates a filter exhibiting the designated filtration 
ratio. However, the increase in pressure drop across the filter is due to 
contaminant retained insteady of that which penetrates. The retention fac­
tor can be calculated from the penetration factor by the following equation: 

R = 1 - P (4) 

Where: R • retention factor 
P • penetration factor 

In addition, to place all filters on a co11111on basis with respect to 
capacity, a normalization technique will be employed. Since the capacity 
tests conducted as part of this effort utilized AC Fine Test Dust (ACFTD), 
the desired normalization can be accomplished by the following equation. 

Normalized capacity= CO - D 

co - 80 
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= Capacity in 1raa of contaminant exh ibitin~ a dis­
tribution from Oto D mi crometres 

c
0 

_ 
80 

= Capacity in grams wil full ACFTD Distribution 

Fig. 4-13 illustrates t he theoretical relationsh i p betwe~n normalized 
capacity and particle size distribution derived from the assumption that 
only those particle sizes for whi ch the filter exhibits a retent ion factor 
between 1 and zero contribute to the loading of a filter. To develop these 
curves, the we i ght ratio for ACFTD was employed in the following expression. 

co - WQ w D - D/ 0 - 80 (6) a 

co - 80 ~-D 

Where: WO D/ WO - 80 
= Weight Rat io of 0 - D microme tre contam-

~~t~~FTD 
RO - 0 = Retenti on Factor for O - D Contaminant 

Tests were conducted to verify the theoretical curves given in Fig. 
4-13. In order t o obtain the necessary informat ion, element from five fil­
ter manufacturer s were used. Also , since a capaci ty test destroys the use ­
fulness of a filter element for additional testing each capacity value ob­
tained required the use of a separate filter element. Seve n elements each 
of fi lters numbered 3 and 5 were te ted, ix elements of filter number 4 
were used, while two each were run of fiiters 1 & 2 for a total of 24 ele­
ments. 

Test Results 

Table 4-7 summarizes the results of the f il ter capacity tests con­
ducted. The filters used exhibited filtration ratios at 10 micrometres 
of approximate ly 1 .1, 1.2, 2 .5 , 7, and 100 as shown in Table 4-7. The 
mult i -pass test filter test clrcuit (7] was util ized to run these tests. 
All fi l ters were run at a fl ow rate of 20 GPM with the mult i-pass test 

requirements ad~ered to except fo r the distr i bution of the contaminant 
and the sampling spe cification. Classified AC Fi ne Test Dust was used t o 
obtain the O - D micrometre contaminant distributions. 

In order t o gain an appreciation fo r the comparison between theoret­
ical capacit y and the capacity obtained experimentally, a plot of one of 
these filters have been plotted. Fig. 4-14 shows this comparison. 

Conclusions and Recoanendations 

It is felt that the results of the experimental effort agree closely 
with the pred ic t e d (theoretical) results. Thus, it can be concluded that 
the service life of a fi lter i s influenced by the part icle size di s tribution 
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of the ingressed contaminant as predicted by Eq. [6]. 

Because of the close agreement attained between the predicted and 
experimental results no additional tests are necessary. Therefore, it is 
reco•ended the effect of parcicle si ze di stribution be included whenever 
possible to evaluate filter service life. 

- DISCUSSlON -

In the design or pro curement of , hydraulic system, service life 
should be one of the mos t import ant criteria. Of course, it is necessary 
to insure that the system wi l l perform the desired job mi ssion initially 
and that it does not ope rate at a tempera ~ure which will "cook" seals and/ 
or destroy the system fluid. However, a machine or vehicle which uses a 
hydraulic system that must be frequently r epaired is of dubious value. 

It has been shown in this r eport and numerous previous tests that 
the service life of a hydraulic system is a function of the contaminant 
sensitivity of the components (such as pumps and valves), the performauce 
capability of the filter and the severity of the operating conditions. 
Steady state test procedures to evaluate the contaminant sensitivity of 
critical hydr a lie components which have been developed are valuable from 
a component control standpoint, but they may be too conservative for a 
truly rigorous service life analysis. That is, tests which were con­
ducted . during this major phase of the contract study to evaluate the in­
fluence of the various duty cycles imposed by the system have shown an 
improvement in the contaminant sensitivity characteristics of the com­
ponents. Therefore, in general, the variable operating conditions exhibit­
ed by a field hydraulic system are apparently less severe, from a com­
ponent service life point of view, than steady state operation at max~ 
imum conditions. Thus, it should be encouraging to those using the re­
sults of steady-state tests for procurement proposes to know that their 
forecast of field service life of components is indeed conservative. 

The development wrk accomplished during the service life phase of 
the CAP section has shown that variation in flow can have a deleterious 
effect upon filter performance . Experimental tes ts indicate that both 
the filtration ratio and the contaminant capacity by a filter are de­
penden upon the frequency and magnitude of such a flow duty cycle while 
the capacity is also influenced, to a less extent, by the particle size 

distribution of the contaminant introduced in the system. Thi should not 
be construed to imply that the results of steady-state filter perfor-
mance tests cannot be utilized fDr selection purposes, since a filter 
which signed or could be designed such that the filter is subjected to 
very minor flow variations. When this is possible the steady-state fil­
ter performance information can be confidently used for protection level 
prediction. l is recommended however, based upon the test result from 
this study, tl.:it a dynamic flow filter test procedure should be fonn­
alized. The data from such a test could be utilized to predict the con­
tamination level of a system in which serious flow surges through the 
filter cannot be avoided. The first draft of a proposed procedure is 
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presented in conceptual form i n Appendix F for initiat i ng an indus tri al 
review of a dynami c flow filter test. 

The development of a realistic servi ce life appr$isal techni~ue i s 
considered a maj or objective of the computer-aided procurement program. 
It is felt that the accomplishments realized duri ng this phase of the USU ­
HERDC hydraulics program have made significant contri butions toward th i s 
goal. Prior to this time, service life analysis was a viable catuparison 
method but was not used confident as a realistic predi ction technique. 
However, with the knowledge and understanding gain2d as a result of this 
work, a rigorous system service life prediction pTogram can be formul ated. 
This is not to say that a field verification effort is not essent i al in 
establishing a workable sy3tem reliability activity for the U.S. Army. 
Such a field effort would by ne cessity collect duty cycle, operational 
severity factor, and residual life data. Thi s type of l ntor.mat ion is cru­
cial to the general implementation ~nd overall success ot the entire com­

puter- aid procurement progi~m. 
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AP?ENDIX A 

EXAMPLE OF A DNR AND ITS USE FOR SIMULATION 

In dealing with nuallerical models, it is too easy to get over­
whelmed by the extent of manipulations and the sheer magnitude 0f the 
numbers involved. This is particularly so in the ca e of multi-1.nput, 
multi-output, non-linear systems. To illustrate th~ DNR concept, it is 
necessary to reduce the manipulations and the numeril ~l data to the bare 
bones, and this is best done on a single-input, single-output, linear, 
first-order system. 

We will derive a classical analytical model and use that to develop 
a DNR. Consider a simple system comprised of a tank and a capillary resis­
tance as shown in Fig. A-1. Flow Q is directed into the tank, and flow 
Q2 leaves the tank. We are interested in determining the pressure in the 
tank at any point in time after imposing a change in the input flow Q

1
, 

Applying the principle of continuity to the system gives the following 
equation: 

( 1) 

Since a capillary resistance has been specified, the flow Q2 can be 
written as follows: 

(2} 

where K is the resistance of the capillAry. The flow stored in the tank, 
Q d' is given by the following equation: store 

Qstored 
V .. -
13 

(3) 

Where: V = volume of the tank 
a= bulk modulus of the fluid in the tank 

Substituting for Q
2 

and Q d in Eq. (1) gives the following linear, store first-order differential equation: 

V dP 1 
Ql = KP 1 + - -- ( 4) 6 dt 

In the above equation, the flow Q1 is the input, and the pressure Pl is 
the output. 

The equation can be solved analytically if Q1 is a known function 
of time. Whatever the nature of the input . Q1 > the value of P1 at any time 
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Fig . A-1. ~ 11ple Fir■ t--Order Sy■ tem. 
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"t" can be explicitly obtained only if the initia l condit ions fo r the 
equat i on are gi ven, In fact, the s ame input Q

1 
can res ul t i n di f fe r ent 

values o{ P, at a particul ar ins tant, depending on t he i ni t ia l condition . 
This is shown in Fig. A-2 . Thus, mere ly spe ci fying th a t t he input at 
any instant, i s say Q(t), is insufficient t o as certain the co rres ponding 
value o f the tank pressu~e, say P {t). However, if the t ank press ur a t 
a t ime just prior tot, s ay t - 6t), is given, it e f fect i ve ly establ ishes 
the initial condl t i on for the short time period 6t, The comb i nati~~ of 
Q(t) an~ P(t - 6t) is now s uff i cient to e tablish the value of P(t). 

Development of DNR 

We wi l l ssume that a test was conducted on t he above linear system 
and one test run gave input s ( Q1) and outputs (P), over a p r i od of time, 
as given in Table A-1, The sampling pe riod os 0.05 but does not have 
to be constant in or der to develop ~ DNR. 

The i nput Q1 is augmented with t he previous v~l Je of the output 
(i.e. one step earl i er in time), and th is is shown i n Column Zin t he 
table. {Q1, Z) is known as the augmented i nput, and Q

1
, Z, P

1
) f orms 

an augmented input, there can exis t one and only one output . The aggre ­
gates of all {Q

1
, Z, P1) ve cto rs constitute the DNR of the s ys tem. Fi g. 

A-3 graphically dep icts the result of augmentati on. 

Use of DNR for Simulation 

The use of the DNR is s i mplicity itself . Ascertain the augmented­
input vector at any point in time, look up the closest augmented input in 
the DNR, and read off the corresponding output. This gives the output 
for just one point in time. Generally, however, it is desirable to obtain 
a complete trajectory of the output, given a time-history of the input and 
the initial condition. To do this, augment the input a t time zero, with 
the initial condition, and read off the output from the DNR. Use this 
output as the augmentation f or the inpu t at the end of the first time­
step, For simplicity, this time-step must be the same as that used jn 
obtaining th e DNR from the test dat J . C 1ntinuing in this fashion, the 
whole output trajectory can be obtain d. 

To improve accuracy of the simulation, it is advantageous to use an 
interpolation scheme in ascertaining the augmented-input vector closest 
to the given value and the corresponding output, Of the many schemes 
available, the following hes been chosen for s i mplicity and speed. 

Using a suitable norm, the points in the augmented-input space in 
the DNR. within a certain radius of the g: ven augmented input (i.e. a 
neighborhood) are coll~c ted together and a linear equation fitted to the 
differences in the Q1 , Z, P1 , using one of the points as reference. The 
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Fig. A-3. Au.-ntation of Input for a Pir■t~rder Syete■. 
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coefficients, c1 , and c2 obtained from the least-squares fit for this 
equation are then used with the augmented input vector to obtain the 
output, thus: 

(4) 

The value of P
1
(t) so obtained is the augmentation Z(t) for the next point 

i.e. Z(t + 6t) • P
1(t). 

Fig. A-4 shows the results of a DNR simulation when the input was 
the same as that given i n the original time history. The extremely good 
fit is reassuring. Figs. A-5, A-6, and A-7 show the output trajectories 
predicted by the lliR when given various inputs. Fig. A-7 in particular 
includes an impulse input, and the fact that the simulation responds real­
istically should be especially noted. 

I~ actual practice, there should be many time histories fed into the 
ONR. This improves accuracy of the model and reduces computation time 
t no. The calculations of c1 and c2 need not be done afresh for each sim­
C'. at . on. For a given neighoorhood and accuracy of least-squares fit de­
sired, the coefficients can be calculated and stored once for all. Step 
size changes can also be made by applying the appropriate corrections to 
these coefficients. 
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APPENDIX B 

EXPERIMENTAL TEST FACILITIES USED FOR SYSTEM PERFORMANCE TESTS 

The importance of experimental e ffort in analyzing f luid power sys ­
tems cannot be overestimated. Test data are invaluable i n developi ng :md 
verifying system and component models. In formulating empirical m,JJ~ l s -­
of wh i ch DNR is an example -- test data take on added importance , in that 
there is no simple physical interpretation of the numbers involved, r.nd 
thus no way of spot ting an obviously "wrong" dat a point. In the case of 
DNR, the test data, after screening redundant in ormation, is the model 
of the component or system, and any errors in scaling or transforming the 
variables, wi ll go through the simulat i on unchanged and undete cted. Poor 
selection of transducers, recording techniques and test methods can all 
contribute to degradation of the model, and ultimately, the simulat i on. 
Hence, the importance of evaluating the capabilities of the test facil ­
ities before using the data for any modeling must not be overlooked. The 
valve test facility at the Fluid Power Research Center, at Oklahoma State 
University, was designed to undertake performance and contaminant sensit­
ivity tests on not only valves, but also other fluid power components. 
As indicated earlier, the development and verification of dynamic model s 
requires special care in the selection of variables to be monitored, trans­
ducP.rs to be used, and signal processing techniques to be impleanted. 
To develop completely general mo d~ ls, it is necessary to monitor the var­
iables at all energy ports of a component. For multi-port components . like 
valves, this can pose a severe instrumentation problem. In such cases 
a judicious selection of variables together with some steady-state mea­
surements of tank port pressures of directional control vah·es are usually 
satisfactory for low-order modeling. Similarly, if a constant flow • 
source is avalilable, the inflow tJ an open center valve need not be mon­
itored, even during a dynamic test. Decisions of this type need t o be 
made before embarking on the tests. 

Since the success of the experimental effort depended upon the ver­
aatility of the test facilities, a brief description of the set~up is ap­
propriat~. The valve test stand is actually composed of two test c i r­
cuits-performance and c01 1tminant testing. The performance side of the 
test stand uses a 45 GPM rariable displacement pump. A large conical 
reservoir equipped with level and temperature control supplies fluid to 
this pump. Two small pumps run by a common motor are utilized to develop 
pilot pressure for actuating valves, controlling the displacement of the 
main pump, etc. as well as performing a multiplicity of fluid transfer 
fun ctions . A secondary conical reservoir i s available for fluid storase 
to supply both the clean (performance) and contaminant test circuits. 
Both turbine and drag flowmeters are inco rporated in the pi pi ng so that 
flc...1 from O .5 to 70 GPM can be measured by simp l y opening and clos i ng the 
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appropriate vales. Pressure taps are also available to fix gauges and 

transducers. But for minor chan~s, the fluid power circuitry is the same 

as reported in an earlier report. However, efforts to validate DNR re­

quired constant updating of the instrumentation and also dynamic cali­

bration of certain transducers. A brief dtscription of ~ffort in both 

areas follows. 

- INSTRUMENTATION UPDATING -

In dynamic testing, care must be taken in using automatic record­

ing equipment, to insure that impedances are properly matched. One way 

of achieving this with minimum effort is to use isolation amplifiers . For 

all dynamic tests a bank of D.C. amplifiers was used to function as isola­

tion amplifiers. A series-shunt resistance panel was built, to be used 

in conjunction with the D.C. amplifiers, to perform desired scale changes. 

Fig. B-1 gives a circuit schematic for the arrangement. Using this set­

up, it was possible to use a recording oscillograph to continuously mon­

itor, up to five ~ifferent variables, during a dynamic test. An accurate 

adjustable D.C. s~pply was used to adjust the resistances in the series­

shunt panel, to obtain the necessary scaling on the recording paper. With 

calibration and initial adjustments. A considerable amount of time was 

saved by performing this calibration and adjustment while the stand was 

warming up. 

·For the earlier experimental acitivities under the system perfor­

mance phase, a multi-purpose instrument console, housing the Lransducer­

amplifiers and indicating read~uts, had been used. It was realized that 

the testing of multi-port components needing the simultaneous measurement 

of five or more variables, needed a bigger console. To retain portability 

and flexibility, all signal conditioning equipment was built into two 

consoles -- one for transducer amplifiers, read~ut and recording equip­

ment, and one for diagnostic accessories. While building the console, 

special care was taken to ensure that there would be no signal inter­

ference either between the channels or due to external sources. 

Since the directional control valve is the lllOSt important control 

element in many fluid power systems, the measurement of variables associ­

ated with it deserve some attention. Thus spool displacement measurement 

1a necessary for almost any type of modeling. For dynamic measurements, 

this measurement had to be accurate to+ 0,0005 inches, and also permit 

continuous recording. DCDT's (Direct Current Differential Transformers) 

were found to have the follwoing desirable features: 

1. Voltage output proportional to the displacement (including 

change of sign to signify negative displacements) 

1
AD 737 730 Hydraulic specification Program U(Phase II) 

Annual Report, for the U.S. Army Mobility Equipment Research and Develop­

ment Center, Fluid Power ·Research Center, Oklahoma State University, 

Stillwater, Oklahoma, 74074, December 1972 

107 



I-
' 

0 CX
> 

IN
P

U
T

 
FR

O
M

 
A

M
P

L
IF

IE
R

 
IN

D
IC

A
T

O
R

 

-
-
-
-
-
-
-
1

 
I 

I 
I 

I 
I 

R
, 

I 
I. 

I 
I 

R
,h

 
I 

I 
I 

~ 

I -
/ 

-
L

 
_

_
_

_
_

_
 f R

s
~

ri
H

 

m
 

F
ig

. 
B

-1
. 

C
ir

c
u

it
 

S
ch

em
a
ti

c
 

o
f 

R
e
si

st
a
n

c
e
 

S
e
ri

e
s-

S
h

u
n

t 
A

rr
a
n

g
e
m

e
n

t
. 

I I I 
O

U
T

P
U

T
 

TO
 

I 
R

E
C

O
R

D
IN

G
 

,, 
• 

!o
s

c
tL

LO
G

R
A

P
H

 
I I I J 



2. Practically instantaneous dynamic response. 

3. Low noise levels. 

Their only disadvantages were that they needed a stabilized D.C. 
supply and had t o be isolated from the recording equipment by a D.C. 
am l ifier. All the pressure and flow vs. displacement curves for the di­
rectional control valves tested, used DCDT's for displacement measurement. 
In using DCDT's it is necessary to ensure that the armature of the DCDT 
i s rigidly attached to the moving part and moves coaxi ally in the coil. 
To ensure this, special fixtures, which could be fixed to the valve 
spool. were made. These fixtures had provision for zero adjustment of the 
DCDT, so that the spool-centered position corresponded to zero output 
voltage. 

Part of the verification program required the acquisition of the data 
from the Ford backhoe at Hutchinson, Kansas (Cessna Industrial Hydraulics 
Div.). The measurement of flow required the alteration of the fluid pow-
er circuit, so as to permit the installation of a drag flowmeter in the 
pump delivery line. Pressure taps had to be mede at the pump outlet, as 
well as both sides of actuators. Sp ol displacement measurement could 
not be done directly. Consequent l y, a box was fabricated , to retain the 
DCDT's, whose armatures were connected by brackets to the vertical rods 
in the operating linkages. By measuring the dimensions of the linkage 
arms, it was verified that the movements of the rods and the spools were 
i~ the ratio of 1:1. However, due to some play in the fulcrum, and at the 
connecting pins, a back-lash effect was introduced, and this showed up as 
a zero-error in the DCDT output voltage. This backlaah was measured and 
compensated for during digital simulation. 

To perform tests in the field, selected instruments from the con­
soles discussed earlier were mounted in a recording van. The instrumenta­
tion which was placed in the recording van included , transducer amplifier 
for pressure measurement, placed on top of the DCDT readout, transducer 
ampli f ier for flow measurement, a recording oscillograph and a bank of 
D.C. amplifiers. Power for operating the recording equipment was develop­
ed by a gasoline-engine driven generator, so that the recording van was 
completely self-contained. The average length of cables from transducers 
mounted ont the test machine to the recording van was 30 feet and no ap­
preciable deterioration of signals was observed during any of the field 
tests. 

- DYNAMIC CALIBRATION -

Dynamic calibration essentially means recognition of the fact that 
transducers and instrumentation have dynamic behavior exactly like other 
systems. This dynamic behavior has to be ascertained before using them for 
dynamic tests on components and syst ms, otherwise erroneous data will be 
used in modeling and simulation. For a variety of transducers the dynamic 
model is linear and manufacturer's technical specifications are sufficient 
for this kind of assessment. Thu ; strain-gauge pressure transducers, DCDT's, 
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etc. usually have a cut-off frequency specified, and D.C. amplifiers and 

oscillographs have frequency response plots given for reference. In us­

ing this information, it is necessary to estimate the highest frequency 

in the outputs to be measured during a dynamic test, and if this is with­

in the cut-off frequency of the transducer and recording equipment, the 

latter can be treated as being instantaneous for all practical purposes, 

i.e. the static calibration is valid for dynamic operation in the frequen­

cy range. 

In the case of certain nonlinear instruments, a frequency type 

specifi ation cannot be given and manufacturers technical specifications 

are usually inadequate to assess the suitability of the instrument for 

a particular test. Flowmeters are a notable example of this class of in­

struments. Since a vast majority of flowmeters are used to monitor only 

steady or slowly varying flows, manufacturers do not normally give any 

data on their dynamic behavior. The preceding year's report (Ref. 1) 

gave a brief discussion of dynamic calibration of flowmeters. A series 

of tests on both turbine and drag flowneters were carried out and the con­

clusion was that drag flowmet1ars have, in general, performance compatible 

with dynamic tests on fluid power components (2,3). Even though their 

behavior is non-linear, their dynamic performance can be characterized 

by a cut-off frequency; and, as long as outputs lie within this frequency 

range, the static calibration is valid for dynamic measurements also. 
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APPENDIX C 

EXPERIMENTAL DATA AND SUfJLATION RESULTS ON FORD TLB 4500 BACXHOE 

The first part of the tables on the following pages summarize 
selected test results on components as well as the test machine (the 
Ford TLB 4500 Backhoe) used to verify numerical modeling. They serve 
only to indicate the nature of laboratory and field test data and are 
but a fraction of the data acquired in the course of modeling and 
verification. 

The second part of thP. tables constitute the computer program devel­

oped tor low-order simulation using DNR, and typical computer outputs. 
Here again, only a sample output is provided. It may be noted that the 
computer program calls for data .from a "Direct-Access Storage Device" 
(DASO). Such a device retains the numerical data for DNR in a very 
convenient and accessible form, at the same time affording a permanent 
storage. 

~ few words of explanation about some of the nomenclature in the 
tables will give the reader a better appreciation of the information pre­

senteu. Table C-1 gives the data for the meter g tests on the direction­
al valve actuating the boom of the backhoe, QDN is the flow through the 
relevant orifice, 6P, the pressure drop across it and DISP the spool dis-

placement. This data was initially stored as such, on the DASD but snb­
sequently it was found more economical . to store just the displacements 
and the corresponding effective metering areas. 

Numerical data is in a form directly usable on a digital computer. 
However, some test results are best presented graphically. The static 
characteristics of the directional control valves for the swing and boom 
actuators were presented earlier (Figs. 2-4 and 2-5). The relief valve 

in the swing sub-circuit had a static characteristic as depicted in Fig. 
C-1. 

Table C-2 is a typical record of the data collected in the field 
test on the backhoe. In each test the displacement of the actuating valve 
spool, the supply flow and the differential pressure acrosu the actua i g 

cylinder were continuously recorded. In some tests the supply pressure 
was also monitored, and in the r est a cylinder pressure was recorded. 
Since the displacement of the control rod rather than the spool itself, 
was measured, a correction had to be applied for the sla~k in the con­
nP.cting pin. This accounts for the difference between the DCDT reading 
and the spool movement. The "volts" under the 6P refers to the trans­
ducer ou · put voltage. A calibration chart for the transducer gave the 
necess , ry conversion to psi. Flow was measured with a drag flowmeter 

112 



.....
 
~
 

w
 

Q
DN

 

LP
H

 

63
 .

5
 

63
.0

 
6

3
.0

 
6

2
.8

 
62

.5
 

62
.2

 
6

1
._0

 
4

6
.5

 
34

.2
 

2 
7.

 5
 

2
3

.8
 

2
1

.1
 

1
8

.9
 

15
.4

 
1

2
. 8

 
8

.0
 

0 0 

P 
to

 
A

 

6
P 

p
s

i 

2
1

.0
 

2
6

.2
 

3
0

.0
 

3
4

.0
 

4
3

.8
 

6
1

.6
 

10
0

.8
 

1
4

7
.S

 
1

8
0

.0
 

1
92

.0
 

1
9

6
.2

 
2

0
0

.2
 

2
0

3
.0

 
20

7
.1

 
21

0
.0

 
2

1
4

.0
 

21
7 

.0
 

0 

.'l
S

P
 

Q
DN

 

in
 

.3
9

0
 

0 
.3

5
0

 
8

.5
 

.3
4

0
 

1
0

.5
 

.3
3

0
 

1
3

.9
 

.3
2

0 
16

 .
8

 
.3

1
0

 
3

0
. 7

 
.3

00
 

36
 .

5 
.2

90
 

4
2

.0
 

.2
8

0
 

4
6

.2
 

.2
 7

0 
so

.a
 

.2
6

0 
53

.5
 

.2
5

0
 

5
6

.S
 

.2
4

0
 

5
8

.0
 

.2
3

0 
58

.S
 

.2
20

 
58

 .
5 

.2
1

0 
58

.5
 

.2
00

 
0 

T
A

B
LE

 
C

-1
 

FO
R

D
 

B
A

C
K

H
O

E
 

B
O

O
M

 
-

LA
B

O
R

A
T

O
R

Y
 

T
E

S
T

 

P
 

to
 

B
 

A
 

to
 

T
 

t.
P 

D
IS

P 
QD

N 
6P

 
D

IS
P 

I 

1~
, .

2 
0 

6
3

.5
 

2
1

.0
 

.3
9

0
 

2
l.

5
 

.2
0

0
 

6
3

.0
 

1
6

.2
 

. 3
50

 
:,1

.8
 

.2
2

0
 

6
3

.0
 

3
0

.0
 

.3
4

0
 

.8
.0

 
.2

30
 

6
2

.8
 

3
4

.0
 

.3
3

0
 

56
.0

 
.2

4
0

 
6

2
.5

 
4

3
.8

 
.3

2
0

 
5

2
.0

 
.2

5
0

 
6

2
.2

 
6

1
.6

 
.3

10
 

5
1

.8
 

.2
6

0
 

6
1

.0
 

10
0

.8
 

.3
0

0
 

55
 .1

 
.2

70
 

46
.5

 
14

7
.3

 
.2

9
0

 
_;9

 .
5 

.2
80

 
3

4
.2

 
18

0
.0

 
.2

8
0

 
6~

.o
 

.2
9

0
 

2
7

.5
 

19
2

.t
 

.2
7

0
 

6 
i 

5 
.3

00
 

2
3

.8
 

1
9

6
.:

 
.2

60
 

7
1

.4
 

. 3
10

 
2

1
.1

 
2

0
0

.2
 

.2
5

0 
7

4
.0

 
.3

20
 

1
8

.9
 

2
0

3
.0

 
.2

4
0

 
74

 .
6 

. 3
30

 
15

.4
 

20
7

.1
 

.2
30

 
7

4
.6

 
.3

4
0 

1
2

.8
 

21
0 

.o
 

.2
20

 
7

3 
.9

 
.3

50
 

8
.4

 
21

4
.0

 
.2

1
0

 
0 

2
17

 .
0

 
.2

00
 

0 
0 

0 

1
8 

Ju
ly

 
19

73
 

B
 t

o
 
T

 
P 

to
 

T
 

QD
N 

AP
' 

D
IS

P 
Q

IW
 

AP
 

D
IS

P 

in
 

6
2

.5
 

1
8

.0
 

.4
0

0
 

6
1

.8
 

1
6

.2
 

0 
6

2
.5

 
• 

2
3

.0
 

.3
5

0
 

6
1

.5
 

1
6

.8
 

.1
0

0
 

6
2

.5
 

3
3

.0
 

.3
4

0
 

6
1

.~
 

17
.0

 
.1

2
0 

6
2

.5
 

3
8

.0
 

.3
3

0
 

6
1

.0
 

1
7

.1
 

.1
4

0
 

'
?
?
 

"'·
·•

-
4

3
.0

 
.3

20
 

5
8

.5
 

1
6

.9
 

.1
6

0
 

6
2

.0
 

48
.C

, 
.3

1
0

 
5

6
.5

 
16

.6
 

.1
80

 
6

1
.9

 
7

8
.0

 
.3

0
0

 
5

3
.2

 
1

8
.0

 
.2

0
0

 
6

1
.7

 
1

7
3

.0
 

.2
90

 
5

1
.8

 
2

1
.9

 
.2

10
 

59
.9

 
4

4
3

.0
 

.2
80

 
4

9
.4

 
3

1
.1

 
.2

2
0

 
5

8
.0

 
73

8.
0 

.2
70

 
44

.8
 

4
4

.9
 

.2
30

 
5

6
.5

 
9

4
3

.0
 

.2
60

 
3

6
.2

 
5

0
.9

 
.2

40
 

5
5

.S
 

11
58

.0
 

.2
50

 
27

.8
 

4
5

.0
 

.2
50

 
5

4
.2

 
1

4
1

3
.0

 
.2

40
 

2
1

.0
 

4
2

.8
 

.2
60

 
5

1
.2

 
1

7
5

8
.0

 
.2

30
 

1
6

.3
 

4
4

.4
 

.2
7

0
 

44
 .

8
 

1
9

8
3

.0
 

.2
2

0
 

1
2

.8
 

4
9

.0
 

.2
8

0 
35

 .
0 

19
9

3
.0

 
.2

10
 

8
.5

 
5

2
.9

 
.2

9
0

 
25

. 3
 

2
0

0
0

.0
 

.2
00

 
0 

5
6

.8
 

.3
0

0
 

16
.1

 
20

00
.0

 
.1

90
 

0 
6

1
.0

 
.3

1
0

 
8

.5
 

2
0

0
0

.0
 

.1
8

0
 

0 
2

0
0

0
.0

 
.1

7
0

 
0 

0 
0 



2
5

0
0

 

- (/) Q
. 

-2
0

0
0

 

"' 0:: ::::
:, 

C
l)

 
C

l)
 "' f 

15
00

 
..J

 
C

l - .... z "' o:: 
10

00
 

"' IL IL
 

i5
 

5
0

0
 

-
--

• 
IN

C
R

EA
SI

N
G

 F
L

W
 

C
 D

EC
R

EA
SI

N
G

.F
L

W
 

~
 

, 
i 

~ 
i 

' 
I 

I 
I 

I 
! 

I 

0 
l 

' 
I 

' 
I 

l 
' 

I 
' 

l 
4 

10
 

I 
I 

4 
10

0 
I 

1.
0 

' 
1.

0 
FL

O
W

 
( L

I T
./

M
IN

.)
 

F
ig

. 
~

-1
. 

S
ta

ti
c
 
C

h
a
ra

c
te

ri
s
ti

c
s
 
o

f 
R

e
li

e
f 

V
a

lv
e 

In
te

g
ra

l 
w

it
h 

S
w

in
g

 
V

a
lv

e.
 



Ti• Diaplace•n t 

Spool DCDT 

(Hee) (ins) ( i ns ) 

o.o 0 0 
0.1 0 0 
0.2 0 .06 
0.3 .077 .158 
0.35 .379 .46 
0.40 .419 .50 
0.5 .419 .50 
0 . 6 .399 .48 
0.7 .399 .48 
0.8 .399 .48 
0.9 .399 .48 
1.0 .399 .48 
1.1 .399 .48 
1.2 .399 .48 
1.3 .399 .48 
1.4 .399 .48 
1.5 . 399 .48 
1.6 .399 .48 
1. 7 .399 .48 
1.8 .399 .48 
1. 85 .399 .48 
1.875 .339 .4_2 
1.9 .098 .18 
1.925 -.10 -.10 
1. 95 -.17 -.17 
2.0 -.08 - .08 
2.025 0 .06 
:l.05 .055 .136 
2.1 0 .036 
2.2 0 0 
2.3 0 . 02 
2,4 0 .OJ 
2.5 0 .016 
2 . ~ 0 0 
2 . / 0 0 
2.8 0 0 
2.9 0 0 
3.0 0 0 

TABLE C- 2 

FORD BACKHOE - SWING K)DE 

p 
cyl llP 

(B-Port) Across Cvl. 

(psi) Volts psi 

250 1.8 0 
250 1.8 0 
250 1.8 0 
250 1.8 0 
300 4.0 565 
220 7.5 1435 
280 7.75 1500 
250 7.9 1535 
260 7.9 1535 
250 7,75 1500 
260 6.7 1235 
270 6.25 1128 
300 5.1 840 
320 4.0 565 
320 3 .0 320 
420 2.1 95 

1000 .1 -427.7 
1000 .1 - 427.7 
580 1.9 45 
330 3.0 320 
300 3.4 420 
300 3.5 440 
400 1.4 - 100.6 
800 0 - 452 .8 

1200 -3.0 - 1207 
1900 -5 .5 - 1836 .5 
1950 -5 .6 - 1861.6 
1800 -5 .25 - 1773.0 
1730 -4. 95 - 1698 
1700 -4 .85 - 1673 
1620 -4.5 - 1585 
l.S70 -4.25 - 1522 
1490 -4 .0 - 1460 
1240 -3.0 - 1207 
680 - .65 - 616 
260 2.0 70 
120 4.5 690 
100 5 .95 1050 
100 6.0 1065 

28 June 1973 
FIELD TEST 

Inflow 

Dayt. lit/min 

24 .0 51.0 
24.0 51.0 
24.0 51.0 
24.0 51.0 
18.0 43.2 
12 .o 34.6 
13.0 36 .2 
14.0 37 .8 
14.0 37.8 
13 .4 36 .8 
14.0 37.8 
14.0 3i .8 
15.0 39.2 
16.4 41.2 
18.8 44.5 
19.0 44 .8 
18.0 43.2 
18.0 43.2 
18.0 43.2 · 
18.0 43.2 
18.0 43.2 
20.4 46 .2 
36 .o 64.0 
19 .o 44 .8 
20.0 46 . 2 

. 22 .o 48.2 
21.0 47.2 
22.0 48.2 
23.0 49.8 
23.0 49.8 
22.0 48.2 
23.0 49.8 
23 .o 49.8 
24.0 51.0 
24 .0 51.0 
24.0 51.0 
24,0 51.0 
24.0 51.0 
24 .0 51.0 



and 'Dayt' refers to the output of the transducer amplifier. Once again, 
a calibration chart had to be used to convert the readings to physical 
units. Figs. 2-11 and 2-13 show typical traces baaed on which tables 
like Table C-2 were generated and stored on the DASD, Note that time is 
read from right to left on these traces. 

Table C-3 is the computer program for the simulation part only, of 
using DNR for low order modeling, The results of the simulation are con­
tained in Tables C-4 and C-5. The program not only_ calculates the flows 
through each of the metering orifices in the control valve, but also the 
cylinder load and velocity. The last table shows the torque power and 
efficiency characteristics for the trajectory simulated. 



TABLE C-3 
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APPENDIX D 

- OPEN CENTER FOUR WAY VALVE ANALYSIS PROGRAM -

The single, most necessary component in any hydraulic system is 
the valve which is used to control either the manual or automatic op­
eration of a machine. Such an element is generally termed a directional 
control valve and is a multi-port device·. There are two basic types of 
these multi-port elements: three-way, or three-port, and four-way valves. 
Of these two basic types of valves, the most commonly used is the four­
way valve. Thus, the discussion below is focused entirely upon four-
way directional control valves. 

In this class of valves, there are two major categories, which are 
open and closed center, respectively. 11te difference between these is 
the tanking transmission in the center spool position of the valves. 
When an open center valve is in its center or neutral position, the pres­
sure port of the valve is directly connected to the tank port of the valve, 
and the incoming supply fluid is returned directly to the reservoir. The 
attractive feature of such a valve is that energy losses across the valve 
are minimal at the neutral position. All flow through the valve is subject­
ed to a small differential pressure, and thus only a small portion of the 
input energy is converted to heat energy before the fluid returns to tank. 
A system utilizing such a valve is termed an "open center" system. A 
closed center valve is the opposite of an open center valve, and consequent­
ly is not as widely used. A system which uses a closed center valve is 
called a "closed center" system. 

In either case, when an analysis of fluid power system is desired, 
some method must be available to analyze a four-way directional control 
valve. With the advent of high speed digital computers, it is advantageous, 
both timewise and economically, to use a computer an an analysis tool. 
To hydraulic system designers the wheatstone bridge analogy to solve for 
unknown pressures and flows in a four-way valve is well known and is part­
icularly well suited for digital computer simulation. 

The method that is presented here describes a computer program whi ch 
provides a steady state analysis of an open center system using the wheat­
stone bridge anal9gy for an open center directional control valve. The 
load across the bridge is a hydraulic cylinder. Appendix E presents a 
similar analysis for a closed center syst~m. A flowchart of the open 
center analysis computer program is shown in Fig. D-1. After the initial­
ization of temporary storage values within the program, data is read in-
to the program. The first input data to the program is experimental data, 
which consists of spool displacements and metering areas for the four 
bridge orificies and the open center orifice of the valve. This data is 
stored in arrays for each of the respective orifices. The next set of data 
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that is read specifies a displacement and an external load on the cylinder 

Since the program considers only two legs of the bridge to be active at a 

time and the cpen center may or may not be active, a check is made of the 

signs of the specified load and displacement and the appror,riate legs of 

the bridge are solved. For a given displacement, an interpolation scheme 

is used to calculate the metering areas of each leg of the bridge and the 

open center orifice. 

Linear orifice equations are used to determine initial estimates of 

unknown flow rates, and pressures within the valve. However, for a 

correct solution to be obtained, the nonlinear orifice equation for each 

orifice mus~ be solved simultaneously. A Newton-Raphson technique for 

solving simultaneous, nonlinear, algebraic equations is used to achieve 

these results. The Jacobian matrix of the six equations that describe 

the pressures and flow rates at the various ports of the valve is com­

puted. Inversion and multiplication of this matrix by a vector whosP. 

elements are the differences between ~he linear estimates and the non­

linear calculations based on these estimates provides a simultaneous 

solution to the nonlinear, algebraic equations. These results are com­

pared with the trial valves obtained from the linear equations. If the 

error in the calculations is within a limit specified by the user, the 

remaining unknowns are calculated. If the error is unsatisfactory, the 

program iterates through the linear and nonlinear calculations until it 

converges to the specified error limits. 

~ further safeguard is provided by checking the calculations made for 

the supply flow. If the tolerance is unacceptable the iteration is done 

again until it converges to the specified tolerance level. The final 

solution of bridge equations prints all of the pressures and flow rates for 

each orifice of the valve as well as the flow rates into and out of the 

hydraulic cylinder and its output velocity. The entire sequence is r~­

peated until the input data list is depleted. 

This program provides a fast and reasonably accurate technique for 

the calculations of unknewn pressures and flow rates for each orifice of 

an open r.enter directional control valve. The re ults that are obtained 

by this program are for static analyses only. Although the program con­

siders the load on the valve to be a cylinder, the case of a rotary 

motor load could be analyzed by changing part of the input data to the 

program. 
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NO 
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PRINT THE PINAL RISULTS 
FOIi THE INPUT DATA 

NC' 

NO 

Fig. D-1. Flow Chart of Open-Center System Analysis Computer Program 
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APPENDIX E 

- CLO~ED CENTER FOUR-WAY VAL-VE ANALYSIS PROGRAM -

It was previously noted that open center directional control valves 
are more commonly used than dosed center valves. However, this does not 
mean that closed center valves are not used. Many hydraulic systems on 
mobile equipment, machine tool s, and in fluid logic netwrks rely totally 
upon a closed center valve as the controlling element in the operation 
of the system. Systems which employ these hardware elements are "closed 
center" systems. 

In the design stages of such systems a preliminary computer analysis 
provides insight towards problems which can arise. Thus, system designers 
can make the necessary alterations to alleviate many problem areas before 
the hardware is implemented, This served as the motivation for the computer 
program that ts discussed below. 

A flow chart of a computer program which performs a static analysis 
of a closed center system is shown in Fig. E-1. The system that is analyz­
ed by this program consists of a pump, a four-way, closed center direction­
al control valve, a hydraulic cylinder, and a reservoir. This program is 
similar to the one for the open center system in that it too is based up-
on t he wheatstone bridge analogy of the directional control valve. However, 
there is a major difference in the methods that are used to solve the non­
linear equations of the bridge analogy. The open center program uses Ncwton­
Raphson technique for solving simultaneous, nonlinear, algebraic equations 
while the closed center program uses an iterative scheme to converge to 
preset tolerance levels on the various flows through the legs of the bridge. 

The operation of the program begins with the initialization of stor­
age elements. Data is read into the program and consists of spool dis­
placements for each orifice, metering characteristics of the orifices, cy­
linder load:. and dimensions, and fluid density and flow rates. All 
four legs of the bridge may or may not be active simultaneously, depending 
upon the magnitude of the input dis placement. The metering areas of the 
orifices are calculated and an iterative process to solve the nonlinear 
bridge equati~ns is initiated. The flow rates that are calculated for the 
different legs of the bridge must converge to a specified tolerance before 
the program can proceed. If the calculated supply flow is not within a 
preset tolerance, a correction is made for it and the nonlinear bridge 
iteration scheme is repeated. When the nunerical calculations converge 
to the spe cified tolerance levels, the various pressures and flow rates 
of the respective legs of the bridge, the supply pressure and flow rate, 
and the cylinder flow rates, loads, and veloc· y are all printed out. 
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In contrast to the program for the open center system, this pro­gram does not utilize a data list for multiple calculations . Only one set input conditions can be handled at a time, and the program must be re­executed for another set of input conditions. With the appro priate mod­ifications in the input data, the case of a hydraulic mltor load can be simulated. 

The computational ability of this program is attractive in that it does provide a numerical solution to the nonlinear equations which de­scribe the static operation of a four-way directional control valve. The numerical results provided by this program are by far superior to those obtained from equivalent linearized methods . A linearized analysis is generally worked out by hand and is at best a long an~ tedious process. It is also generally valid only for small perturbations about a steady­state oeprating point. The program described here solves the nonlinear bridge equations in a minimal amount of time and is valid for the entire operatin1 range of the system. 
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APPENDIX F 

METHOD FOR DETERMINING THE PERFORMANCE OF A 

FLUID POWER FILTER ELEMENT UNDER DYNAMIC FLOW CONDITIONS 

(OSU·F-6) 

1.0 SCOPE: To appraise the performance of a fluid power filter under 
the influence of cycling flow. 

2.0 PURPOSE: To evaluate the multi-pass performance characteristics 
of a filter when subjected to a cycling flow environment in order 
to simulate reali~tic system conditions. 

3. 0 TEST PROCEDURE 

3.1 Modify the standard multi-pass test circuit as specified in NFPA 
Standard T3.10.8.8-1973 to include a flow by-pass "alve as shown in 
Fig. G-1. 

3.2 Install the test filter element in the modified test circuit. 

3.3 Perform the standard multi-pass filter performance test as specifie~ 
.in NFPA Standard T2.3.8.8-1973. 

3.4 Repeat Step 3.3 with the flow rate cycle given below. 

3.4.1 The magnitude of the flow cycle should be from zero to 1.5 times 
rated flow (!-10%). 

3.4.2 The frequency of the flow cycle should not be less than 1.0 cycles 
per second. 

4.0 PRESENTAT~ON OF RESULTS 

4.1 Record and report all test data as specified in the parent multi­
pass filter test. 

4.2 Submit an accurate trace of the flow rate versus time cycle which was 
imposed on the filter during dynamic testing. 
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Fig. F-1. Flow By- Pass Valve (Ball Valve) . 
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