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APPLIED TECHNOLOGY LABORATORY POS IT ION STATEMENT

This report provides a solution to the proble m of monitoring the mass
fu& flow of helicopter gas turbine engines. However , the lack of
suffi ient testing precludes a complete evaluation of the technique,
particularly the density measurement portion . Consequently , the reader
is cautioned not to consider the accuracies attained as being those of
the c~~~lete system. Results of this effort will be integrated with
other R&D efforts at the Applied Techn ology Laboratory and at AVRADCOM
to establish research and development programs to improve the app lic—
ability of this technique to future Army aircraf t subsystems .
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project engineer for this effort.
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The fuel mass flowmeter system demonstrated in a previous Army pro-
gram , consisting of an ultrasonic flow velocimeter and a capacitance-type
densitometer , was adapted to T-700 gas turbine eng ine requirement s.
Mechanical adaptations included the reduction In size and weight of the flow
cell to fit the confi guration and mounting constraints of a T-700 eng ine .

t Electronic developments included repackaging into a portable field-type j
case, configuration switching and digital delay equalizers, and the (cont ’d)
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subet itut~pa of a micr processor for a previously used calculator chip,
result g in a choice of response times , or integration times, selectable
from ~

— Os down to 0. 5s.~~ P(st results are presented for 7024 Type IIB
calibrating fluid over the ~~~~~~~ flow r ate range M 40 to 1200 PPH , for
temperature near 70°F (2 1°~~ , and for pressures up to 1500 psig.
Performance of the system is dt ’~cussed with respect to laminar , transi-
tional, and turbulent flow proflle~~associated with Reynold. numbers from

50 to 50 , 000 and with respect geometrical constraints imposed by
the T-700 confi guration
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INTR ODUCTION

The purpose of this program was to adapt the general concept of a fuel
ma ss flowmeter as developed and demons trated in a previous contract to
the configuration, flow rate , and other requirements of a T-700 gas
turbine eng ine installation.

The general concept that provided the basis for the present work was
reported by Pedersen, Lynnworth and Bradshaw in 1975 (Reference 1).
Basicall y, the fuel mass flow rate M is determined fr om the equation

M = p V A  (1)

where p = density, V flow velocity, and A = cross sectional area of the
flow cell duct. p is determined fr om the fuel’ s dielectric constant, using
a Siminond s Precision capacitance densitometer. V is determined ultra-
sonically, using contrapropagating sequentia l transmissions of 5 MHz
bursts. A is measured by conventional means.

In the present work , the flow cell was reduced in length from ove r —‘ 24
inches (600 mm) down to 4 inches (100 mm) + h ydraulic connectors; in
weight fr om 15 lb (6 .8 kg) down to 2 lb (0.9 kg) in stainless steel , and
potentially down to less than 1 lb (0.45 kg) in aluminum. The electr onics
system was impr oved and repa ckaged to fit in a portable field case having
outside dimensions of l 4 xZ lx  16 inche s (360x525x40 0 mm) and weighing
57 lb (26 kg) including all electronics.

1. Pedersen, N. E . ,  Lynnworth . L. C . ,  and Bradshaw , J. E., Improved
Ultrasonic Fuel Mass Flowmeter for A r m y  Ai rc ra f t  Eng ine Diagnos-
tics , Panametrics, Inc. ; USAAMRDL Technical Report  75-8 , Eust is
Directorate , U. S. Ar m y Air  Mobility Research and Deve lopme nt Lab-
oratory, Fort Eust i s , Virginia , June 1975 , ADA0 13408 .
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THEOR Y OF OPERATION

A. Flow Velocirneter Electronics

A block diagram of the fully coherent electronic system that measured
T 1 

- T
2 

and T 1and T2 is shown in Figure 1. Flow-related parameters
are measured by using a full y coherent electronic system that operate s
synchronously fr om a 5 MHz crystal-controlled oscillator. The trans -
mitted waveform is generated by means of synchronously gating the out -
put of the 5 MHz oscillator for a 25 to 50~~s interval at a 2 kHz repetition
rate (per transducer). Upstream and downstream common-path trans-
rnis~~ions are consecutive and spaced 250~~s apart. Independent measure-
ments are made of the phase difference between the upstream and down-
stream 5 MHz spectral components of the received waveforms and the
phase sum of the 2 kHz modulation components of these waveforms.
These two independent measurements are combined to yield the Mach
number V/c and V , where V = flow velocity and c = sound speed. A high
signal-to-noise ratio is achieved by means of narrowband receivers and
fully coherent detect ion , thereby providing distinct advantages in pre-
cision and stability over conventional fl owmetering techniques, which
utilize broadband pulses. In the previous Eustis program (Reference 1)
this type of system provided a precision of 1/4 percent fu ll, scale (FS).
Its principles of operation, and test data for laminar, transitional, and
turbulent flow , for different fuels and fuel temperatures fr om 10 to 46°C ,
are given in detail in Reference 1.

It is shown in R eference 1 that , since the upstream minus downstream
transit time (or phase) is proportional to V/c 2 , the flow velocity V is
obtainable fr om

V = k(T 1 - T
2)/ T 1T2 

(2)

where k constant.

B. Flow Velocimeter Acoustics and Hydrod ynamics

The flow cell was designed to provide area-averaging on the flow profile
despite laminar , transitional, and tu rbulent flow regimes ( Table 1) ,
despite unfavorable (nonideal) inlet conditions, and without the use of flow
straighteners or a static mixer. At the outset of this program, and
throug hout its course, the only practical cell concept for which published

9



TABLE 1. MINIM UM AND MAXIMUM VA LUES
OF SELECTED PARAMETERS.

Parameter Units Minimum Maximum
p psia 14. 7  (d ynamic); 1500(static)
T °F -65 (ambient); 300 (fuel)

°C -54 74 149
M PPH 100 1, 000

g/ s  12. 63 126. 3

P g/cm3 0. 65 0.90
V cm/ s 8. 7 120
V stoke s 0. 003 0 . 30

Re  - 37 51, 000
c rn / s  750 1, 700

ns 0. 77 54
deg 1. 4 97

TABLE 2. HYDRAULIC , ELECTRONIC , CELL , AND
TRANSDUCER PARAMETERS.

Item Description

Hydr. connector s AN -3 and -4 size s
Carrier f requency 5 MHz
Pulse repetition frequency 2 kHz
Pulse width 25~is
Bandwidth: 1st lF detector 700 Hz

2nd iF detector ‘— 100 Hz
V duct area Square , 0 .505x0.5OSin .  (l .28xl.28mm
L 1.01 inch (2.56 cm)
Transducer material K8l lead metaniobate type

Cell weight 2 lb (0.9 kg) in SS 316
0 .7  lb (0.3 kg) in Al

Cell envelope dimensions 2 x 2 x 4 i n .  ( 5 x 5 x l O cm)
+ connectors

10
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data supports the area-averaging objective is the rectangular concept
demonstrated in Reference 1. This concept combines a rectangular flow
duct in which the flow is interrogated obliquel y at 45° over the entir e
flow cross section. To the extent that flow is axia l and the acoustic
beam is plane and uniform, equal area segments of fluid are weighte d
equall y. This is the basis for proper area-averag ing de spite profile
uncertainties. In other words , to the extent that the stated conditions
prevail , V nV .

C. Fuel Densitometer

The relationships between density p and dielectric consta nt € for aviation
fuels have been developed since the 1950’ s. The h ydrocarbons in aircraft
fuels are nonpolar liquids . For a nonpolar liquid , a theoretical relation-
ship between diele ctric constant and density is the Claus ius-Mosotti law
(See Reference 2 and Figure 2 1):

- l ) / (c  + 2) = Cp (3)

where C = polarizability. Thi s relationship is rearranged and called the
“ fuel regression line” in capa citance fuel-gaging l i terature. One fuel
regression line is

(€  - 1) / p  = b + a (c  - 1) (4)

where a and b are constants.

The polarizability C varie s onl y slightl y fr om one h ydrocarbon to another
hydrocarbon for the principal constituents of aircraft fuels.  Thus , the
dielectric constant, as expressed b y the Clausius-Mosotti law, is a good
measure of fuel density.

Figure 4 in R eference 2 is a plot of density versus dielectric constant for
some typical samples of JP-4. This figure illustrates what is commonly
called “fuel error” . This fuel error is the deviation of a given sample
fr om the theoretical best average straight line , which is called the “JP-4
line of regression” .

Further statistical analysis of this and also JP-5 data is plotted in
Figure 5 of Reference 2. The interpretation of this plot is that 95.5 per-

~~~~~~ cent of the samples measured (JP-4 and JP-5) fall within 1.3 percent of
the JP-4 line of regression. From these data it is thus possible to

2. Stuart , Doug las E . ,  Flow: Its Measurement and Control in Science
and Industr y, Proceedings of May 1971 ISA Symposium, Volume 1,
Part 2 , Pennsylvania, 1974 , pp. 687-693.
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predict a 20 error of 1.3 percent or less. The data have been further
ana lyzed and 10 and 30 error s are included. (Here , I = standard
deviation. )  The cited Figures 4 and 5 are combined in Figure 21.

For norma l commercial fuels , more recent data collected by Air
Canada and United Air Line s show that of 55 samples, 51 are within
± 1 percent of variation from the JP-4 line . This tend s to confirm the
previous prediction.

Note that the Clausius-Mosotti law is nonlinear. However , the non-
linearity is onl y 0.5 percent at the densitie s corresponding to fuels at
+160°F and -50°F (7 1°C and -46°C).

D. Mass Flow Rate

The mass flow rate M is given by Equation (1), M = pVA , where V is now
interpreted as V. The electronics digitall y multiplie s the p and V inputs ,
and digitall y scales the product to account for the cell dimensions (area
A , and axial path length L; see Table 2) . M is thus available for display
and for recording, with a response time selectable according to the num-
ber of interrogations (data points) to be averaged.

The volumetric flow rate equals VA. The tota l.i.zed volumetric flow equals
the integral of V(t) A dt , integrated for the time interval t. The totalized
mass equals the integral of gdt.

Of historic interest, one may note that attempts to measure fuel M
ultrasonically were reported by Kritz as early as 1955 (Reference 3).
However , both Krj tz ’s early work , and R oth’s subsequent work using a
different ultrasonic appr oach, were aba ndoned (Reference 4). In the
early 1970’ s Panarnetrics conducted ultrasonic experime nts on configura-
tions that were similar in principle to Kritz’s (Reference 5). But in 1975
it was decided to measure only V ultrasonically (by our rf burst method),
and p dielectricall y (R efer ence 1). When new ultrasonic densitometers or
velocirneters become available , these p and V decisions may be revised.

3. Kritz , J . ,  ISA Proc. 10 Part 2, 55-16- 3, pp. 1-6 (1955); Instruments
and Automation 28, 1912- 1913 (Nov.  1955); J. L. McSha ne, pp. 897-913,
in Ref .  2.

4. Roth, W., U. S. Patent No. 3, 188, 862 (June 15, 1965 ).
5. Lynnworth, L. C.,and Pedersen, N. E., USAAMRDL TR 72-66 (Jan.

1973); Proc. IEEE Ultrasonics Symp. 81-84 ( 1972 ) , IEEE Cat. No.
72 CHO 708-8 SU.
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FABRICA TION

A. Electronics

Figures 2 through 9 illustrate the electronic portion of the !I1 system
fabricated in this pr ogr am. All the electronics is housed within the -

metal field-type case show n in Figure 2. The electronics incorporated in
this system, although the same in principle as in the previous contract,
is considerabl y more sophisticated. The main improvement has been
to provide “ configuration switching” , which in effect periodically re-
verses the outputs of the two 5 MHz filters so that the following corn-
putation can be made by the micropr ocessor :

(5)

where &~ is the average phase difference between the upstream and
downstream 5 MHz components of the received signals , ~4A is the phase
d ifference in the “A” filter configuration and refers to ~he reversed ,
or the “B” configuration.

The previously used hard wire’calculator chip has been replaced by a
programmed prolog microcomputer utilizing an 8080 cpu chip.

Individual circuit boards and the microprocessor are show n in Figures
3 through 9. The principal differences between the electronics fabricated
in this program and those in the previous program may be explained as
follows:

1. A programmable microcomputer is incorporated in the present
system, rather than the hard wire programmed calculator chip
of the previous program. The microcomputer utilizes 1K and 3K
bytes of random access memory and read-only-memor y, re-

L 

spectively. These can conveniently be doubled , should future
requirements show the need for it.

Aithougha calculator chip was utilized during the previous
contract , this was only a fir et primitive step, as compared with
the presently used microcomputer. The microcomputer (manu-
factured by Prolog) is much faster than the calculator chip, by

13 
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more than two orders of magnitude , which eliminates the lower
limit of 5 second s on system response time . In addition , the
microprocessor software has been prepared so as to acccpt the
~~T inputs from the counter circuits in both t i e  normal and re-
versed filter configurat ions and to sum these , thereby eliminating
the effects of filter drift ( note that this was done manuall y during
the previous contract) .

2. Configuration switching has been built into the present system,
but was absent in the previous sys tem. The resul t  of this is to
cancel the effects of phase shift s and variations of them in the
5 MHz and the 2 kHz filters of the electronics portion of the
velocimeter.

3. Improved zero-cross detectors have been desi gned , tested , and
incorporated in the present system. These are essentially im-
mune to ambient temperature effects and have improved the over-
all stability of the system, as compared with the previous system.

4. Digita l delay equalizers (as compared with analog equalizers in
the previous system) have been included in the present system to
provide zero-phase adjustment between the two filte r channels.
This fe ature improves overall stability.

5. Minimum response time has been reduced from 12 second s to
0.5 second. The respons e time is adjustable at the front panel.
This allows for a trade-off between statistical flow-dependent
fluctuations and system response time.

The system response time is adjustable up to 49.5 second s in 0.5
second increments, via a front panel thumbwheel switch.

It is possible , by increasing response time, to reduce the statistical
fluctuations in the output due to turbulent flow fluctuations. The
improvement in output repeatability is proportiona l to the square
root of the increase in response time. This improvement has been
observed in our laboratory te sts at Panametrics .

Considerable difficultie s were encountered in the electronics.
These problems were mainly due to feedthrough in the solid—state
switches used for transmitter/receiver isolation and for con-
f igurat ion switching. Since the system is coherent, it is very

14
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immune to extraneous external signals , but (by the same token)
it is quite sensitive to its own internally generated signals , which
are derived from the 5 MHz clock. Extensive work was done to
shield the sensitive receiver section from internal pickup.
However , a residual false signal leve l due to feedthrough persists
and results in a zero offset of about 0.5 f t/ sec .  Since this is a
constant of the system, it can be eliminated during calibration.

B. Flow Cell

The deliverable flow cell fabricated in this program is shown in Figure 10.
The bod y was made of SS 316. This material was selected for weldability,
corrosion resistance, strength, and to assure acoustic isolation between
transmitter and receiver transducers.

Although it was know n at the outset that Al or Ti afloys , if used for the
flow cell body, could certainly reduce weight , the transducer design that
was available required SS for the cell in order to assure acoustic isola-
tion. However , if the transducers could be isolated fr om the cell , then
the ultrasonic attenuation coefficient in the cell material no longer needs
to be high.

At the end of the program (see next paragraph) a new transducer design
emerged that provided the desired isolation, as an unexpected benefit
associated with its thin shim wind ow. The Al flow cell mock-up of Figure
12 was rebored to accommodate this new transducer design , and to facilitate
laboratory testing of the flow velocimeter using water. These tests demon-
strated that the acoustic isolation of the new transducers was adequate to
enable Al to be u sed as the cell bod y material. Thus , in the future , the
flow cell of the present configuration could be built largely of Al , resulting
in a total cell weight of less than 1 lb (< 0.5 kg).

The details of the ultrasonic compo~ ents investigated in the program for
use with this cell are shown in the exploded view of Figure 12. The Al
model shown in this photo was originall y fabricated to establish machining
sequences, to verif y fabricability, and to check configuration compatibility
on a T-700 engine (lee Figures 13- 15). The Ti window was replaced late
in the program with a stainless steel shim. The graphite backing was
simplified to a rectangular block, and the Teflon insulator was replaced
with a thermalloy sheet. The square-holed sleeve, of SS 316, was electron
beam (EB) welded to the fuel inlet transition and , as in the previous pr o-
gram, its transducer ports were screened to reduce the tendency to

15
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generate eddies. The square-holed sleeve is broached to produce a duct
cross section with dimensions of 0 .505x0 .505 inch ( 12 .8x 12. 8 mm).
The 45° obliquely incident 5 MHz beam can thus be reflected along the
desired interrogation path.

The Simmond s Precision densitometer has been installed on the following
aircraft:

Grumman EA-6B flig ht te st aircraft
Grumman KA -6D tanker/ 150 systems delivered
Cessna 500 Citation/600 systems delivered
Grumman F-l4  A and B flight te st aircraft /40 systems delivered.

According ly, this system is considered to be a well-established method of
accurately determining the dens i ty  of widel y varying jet fuels in d ynamic
situations.

In a reg ion generally parallel to the V part of the flow cell , a capacitance
densitometer element measures the dielectric constant of the fuel as it
passes througn the element, ther eby accomplishing system density com-
pensation. The plate s of the capacitance com pensator unit are three con-
cnntric metal tube s, SS316 , insulated from each other and from the flow
cell housing. The outer and inner tubes are guard , or low-impedance
elements, and the center tube is the high-impedance plate. An energizing
field is applied to the compensator by a precision audio frequency oscil-
lator. Changes in fuel dielectric constant create varying signa l currents ,
which are then amp lified and conditione d into a signal that is proportional
to density variations. For safety, the energizing current is limited to a
maximum of 10 mA under wor st -case circuit failure conditions.

Two shielded conductors run from the flow cell to the M electronics. The
densitometer electronic circuit board is hard wired to meet vibration
specifications.

In order to arrive at an acceptable design that fits the flow cell to the
T-700 configuration, a sequence of wooden mock-ups were fabricated .These mock-ups embodied numerous suggestions of L. Zirin and P. Caponeof GE , and B. Marcheterre of Santin Engineering

For completeness , it should be stated that at one of the first -cell designmeetings a few of our flow cell design alternatives that had already been
fabricated (but not yet tested thoroughly) were brought to GE’s attention.
In general , our industrial-grade flow cell weldinents were too large and
too heavy for consideration. However , one design , using small-diameter

16
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tubing (—
~ 9mm OD) and standard compression fittings , was jud ged

desirable from the point of view of size and weight. However , at that
time , the “ small tube” flow velocimeter could not provide mass flow rate ,
since the capacitance densitometer required an internal volume on the
order of 1 inch d iamx 3 inches long (25.4 mm diamx 75 mm long). In addition ,
its area-averag ing was unproven. Accordingly, after a series of mock-up
iterations, the final cell design evolved (Figures 13-15).

The present contract did not require that a practical mount be developed.
However, to show the general design of such a mount , and to show that
the final cell desi gn could indeed be fitted to a T-700 eng ine , a sheet-
metal mount was fabricated and is shown in Figures 13 throug h 15.

The tOtal cell can be installed or removed without any additional or special
tools. This result was achieved by ut ilizing an exist ing flange lip to
secure the flow cell mount with the same type of screw fasteners as are
ordinarily used at this location. Also , the same -3 and -4 AN fitting sizes
are used elsewhere on the T-700 eng ine.

17
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TEST RESULTS

A. Pressure Tests

1. Hydrostatic Pressure Tests

Hydrostatic te sts were conducted using water at zero flow at
Artisan Industries, Waltham, Massachusetts on 12 April 1977,
using the setup shown in Figure 16. The cell was cycled 10 times
fr om 0 to 1500 psig and no leaks were observed. In this test the
transducer design included the Ti window , 0.237 inch (6mm) thick.

Subsequentl y the Ti window was replaced with a 0.002-inch-thick
(0.05 mm) SS shini . Two t ransducers  containing this thin shim win-
dow were installed in the modified (rebored ) SS 316 cell bod y and
tested again to 1500 psig. This test was conducted at GE-Lynn
in March 1978 , using the 7024 calibrating fluid. Pressure wet s
applied f o r  several minutes. No leaks were observed . Ac-
cordingly, the cell was deemed suitable for installation in the test
stand , and preliminary d ynamic pressure  tests commenced. At
M = 1000 PPH, ~~P did not exceed 50 psig.

2. Dynamic Pressure Tests at GE , June 1978

Three types of d ynamic pressure  tests were conducted at GE-L ynn
on 23 June 1978 . First , the pressure drop ~~P was measured as a
function of M, and found to be nearly proportional to M, up to
1000 PPH (Figure 17). Second , ~~P was measured at M = 1000 PPH
for four different  U-turn configurations between inlet and outlet
(Table 3), Third , the influence of P on the indicated V was deter-
mined at M = 1000 PPH ( Table 4). At 1000 PPH , ~~P 40 psi.

From Table 3, it is seen that the basic design has lower ~~P than
a comparable length of -3 size flexible hose , or a comparable length
of bent tubing (Figure 18). The “enlarged” U-turn referred to in
Table 3 reduced ~~P by onl y 2 psig, or 5%. Thus , the main con-
tributions to AP are losses due to the -3 and -4 fittings.

In the present design , the selection of -3 and -4 size s is based on
GE’ s recommendation, which tn turn is based on configuration com-
patibility. However , for cases where larger fitting s could be
utilized , the basic duct geometry, de spite the U-turn , would gen-
erate a much lower AP.
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Referring now to Table 4 , the < IT> data show some scatte r as P
increased, but there is no systematic tr end . Therefore ,it appears
that no P depe ndence is exhibited . However , acoustic noise was
observed to increase at higher P.

• B. Hysteresis Test

Table 5 compares average flow velocity data on increasing versus de-
creasing flow . For most of the points , the d ifference in readings expres-
sed in terms of full scale (FS) is 1% or less. The standard deviation, a ,
is 0.47%.

C. Calibration Test -

Calibration data obtained at GE-L ynn on 23 June is tabulated in Table s
6 and 7. As noted in Table 6, each <V> number is the arithmetic average
of five readings of five data sets. Thus , for flow cond itions in which j itte r
or noise causes scatter in the five sets , a is larger.  For example,
a = 27 count s at 1200 PPH, but a< 6 count s for all M below 1000 PPH.
Between 100 and 1000 PPH , the a / < V >  values are , with one exception ,
less than 2% of point , and generally better than 1% FS.

It was planned to measure p in these tests , and multiply p by V and the n
by a constant K , to compute M . The SP densitometer is suitable for JP-4
or JP-5 , and also for the calibrating fluid , which is very similar to JP-4.
Unfortunatel y, on 23 June , a malfunct ion in the p system occurred ,
preventing p from being measured in these particular runs.

As it turned out , the available test stand was operated at nearl y constant
temperature during all tests. Therefore p is taken as 0.76 g fcm 3, con-
stant for all tests on 23 June. Using this value , Table 7 presents the
linear ity as a f unct ion of M , by forming the ratio R =<V> /M. It is seen
that the average value of this ratio is < R >  = 0.447. The percentage dif-
fe rence AR between R at any M and <R >  is listed in Table 7. Figure 24
presents the corresponding data , up to the contractual M of 1000 PPH.

Table 8 compares the statement of work (SOW) tests and performance to
those attained in the contract.
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D. Vibration Test

Vibration tests were not performed because of schedule constraints. All
components most likely to be sensitive to vibration, such as transducers
or the screen, were tested in the previous contract and showed no deg-
radation due to vibration. Therefore , no vibration problems are expected
with the present design .

E. Transducer Temperature Exposure Tests

An epoxy-bonded transducer of the t ype used in the flow calibration te sts - -

was te sted , exposed to +250°F (+121 °C) for 1 hr , and then rete8ted while
cooling towards room temperature. The test consisted of measuring the
normal-incidence echo amplitude from a reflector submerged in water.
Similarly, cold tests were conducted before and af ter 1 hr exposures to
-75°F (-59 °C) . No change in echo amplitude was observed in either the
hot or cold exposure test.

It may be noted that bonding agents are available with temperature capa-
bilities beyond the levels tested above . Such agents include high tern-
perature epoxy adhesive , solder , glas s fr i t, ceramic-base cements , thermal
diffu sion bonding alloys , etc. Depending on the environment to be withstood ,
the tr ansd ucer material , ultrasonic frequenc y and other considerations , an 

-

optimum bonding agent may be selected. J
)
I
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TABLE 3. PRESSUR E DROP TESTS AT M = 1000 PPM,
79°F, INLET PRESSUR E = 75 psig.

U-turn
style AP, ps ig Note s

NPT 40 1

Enlarged 38 2

Bent tube 43 3

Flex hose 48 4

( 1) Basic design: 1/8” NPT tap drill connects p and V parts; NPT
plug seals end of cell.

(2) Connection between p and V parts enlarged using 3/4” diameter
end mill; end welded shut using plate with vanes.

(3) Bent tube illustrated in Figure 18; 3/ 16” ID x 5. 5” long .

(4) Flexible hose length approximately 1 ft.

TABLE 4. PR ESSURE TEST: COMPARISON OF <IT>
AS A FUNCTION OF P, AT M=l000 PPM.

Inlet pressure1 psig T, °F <IT > . counts

100 72 483

300 74 483

500 77 471

700 80 493
Average <IT> 483

a 9

a/< V> , % 1.9
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TA BLE 5 . HYSTERESIS TEST: COMPARISON OF
CALIBRATION DATA FOR INCREASING
VERSUS DECREASING FLOW . 23 JUNE
1978.

M <V> , Count s Differences
PPM Incr Decr Count s % Point % Full Scale

40 17. 6 14.9 2. 7 17 0. 6

80 36.6 37.8 -1.2 -3.2 -0.3

100 44.4 48.4 -4.0 -8.6 -0.8

200 79. 6 85.5 -5.9 -7. 1 -1.2

400 182 175 7 3.9 1.5

600 264 270 -6 -2 .2 -1.3

800 363 368 -5 -1.4 -1.0

1000 476 477 -l  -0.2 -0.2

Avera ge %FS Difference 0 .86

I
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TABLE 6. CALIBRATION TEST RESULTS FOR FLOW
VELOCIMETER ON GE-LYNN WHITELY TEST
STAND , 7024 TYPE II CALIBRATING FLUID ,
T = 72 ± 2°F, INLET PRESSUR E = 74 psig ATM
= 1000 PPM, AP = 40 psig at M = 1000 PPH. DATE
OF TEST: 23 JUNE 1978. R OTAMETER ACCUR-
ACY ± 1/2% OF READING. <IT> 1000 = 476. 5.

a
M <IT> a <V> <V> 10~~0

PPH Counts Counts % %

40 17. 6 0. 62 3.5 0. 13

80 36. 6 1. 43 3. 9 0. 30

100 44. 4 1.40 3.2 0. 29

200 79. 6 1. 61 2.0 0. 34

400 182 2 . 3  1.3 0. 48

600 264 2. 0 0. 7 0. 42

800 363 3.7  1.0 0. 78

1000 476 5.9 1. 2 1. 24

1200 544 27 5 .0  5.70

1000 477 3. 3 0. 7 0. 69

800 368 3. 3 0. 9 0. 69

600 270 4 .7  1.7 0. 99

400 175 1. 7 1.0 0. 36

200 85.5 1.4 1. 6 0. 29

100 48. 4 1.1 2 .2  0. 23

80 37. 8 1.3 3.5 0. 27

40 14. 9 0. 8 5. 0 0. 17

Notes: <V> = average of five readings of five data sets each, 0 =
standard deviation, C /<V> values are percent of point.

____ 
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TABLE 7. R , AR , % POINT AND % FS DEVIATION VERSUS
M, DERIVED FR OM TABLE 6.

AR A R V
R = V/M 

x 100 
~~~ 

X 100

PPH Counts / PPH % of Point % FS

100 0.444 -0. 67 -0.05

200 0.398 -10.96 -1. 6

400 0.455 -1.79 +0 .6

600 0.440. -1.57 -0.76

800 0.454- +1.57 +1.04

1000 0.476 +6 .49 +5.68

1200 0.453 +1.34 +1.34

1000 0.477 +6 .71 +5.88

800 0.460 +2.91 +1.97

600 0.450 0.67 +0.33

400 0.438 -2.01 -0.65

200 0.428 -4.25 -0.67

100 0.484 +8.28 +0.74

Average 0.447 3.86 1.07

~~~~~~~~~ - 3.41 2.31

1’
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TABLE 8. COM PARISON OF SOW TESTS AND PERFORMANCE
TO THOSE ATTAINE D IN THE CONTRACT.

Parameter SOW Attained

Design Concept DAAJO2 -73-C-0054 DAAJO2-73 -C -0054

Fuel Type JP-4, JP-5 , mixtures 7024 T ype II

M Range , PPH 100-1000 40-1000

M Overange, PPM - 1500
Note : tested atAccuracy ,  % FS + 1/2 + 2— — constantp; not

Hysteresis, % FS - + 1/2 ver ified with pV
— system.

Response Time, s 2 0.5 , adjustable to 49.5

Contaminated Fuel MIL-F-86l5C , 4hr  -

Pressure, psi 1500 1500 static & cyclic;
d ynamic AP vs M, up
to 700 psig

No excess AP = 40 psi at M = 1000
PPH . This AP is less
than that in a comparable
length bent tube with
AN-3 , -4 f i t t ings.

Vibration MIL-STD-810C, -

Proc. I w/ o  vibra-
tion isolator s

Fuel Temperature -65°to +300°F but Preliminary te sts on
no-fuel exposure test 7024 up to 140°F; 70°F
to 250 °F; cal. fr om calibration; t ransducer
50° to 115°F tested before and after

Ambient Temperature -65° to + 160 °F to-75°  and

Flow Cell T-700 configuration T-700 confi guration

Mounting - T-700 configuration

Cell Wei ght 5lb 2 lb in SS, l l b in Al

Electronic s In field-type case In field-type case. In -
cludes iJ.P; con.fig .  switch;
di gital dela y equalizers.
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CONCLUSIONS

Based on the observations made and the data recorded in this program,
the author s conclude that :

1. The flow cell of Figure 10 satisfies the configuration requirements
of a T-700 engine. It can be designe d with a mount suitable for
easy, rapid installation or replacement. No special tools are
required for its installation, maintenance , or repair.

2. The flow cell has no moving parts nor small orifices in the flow
path.

3. The flow cell acoustically averages the flow profile de spite non-
ideal inlet and outlet conditions and desp ite unknown profiles
(lamina r , transitional, or turbulent , and 1000:1 Re range ,
from 50 to 50 , 000) in a manner that appears to be superior to
any other data-documented method that is applicable to T-700
constraints. As the entire flowing cross section is interrogated ,
area averaging is inherently better than any point device , with
respect to accurate measurements for variable flow cond itions .
Accuracy of the present flow velocimeter (cell + ele ctronics)
appears to be 2% of full scale .

4. In h ysteresis te sts , precision (10’) of 0.47 percent of full scale
was achieved , with a 30:1 flow range . Over-ranging by a factor
of 1.5 produced no damage. This is an advantage over turbine
meters , whose bearings are subject to damage at excessive
speeds.

5. Pressure drop could be reduced substantially by choosing larger
hydraulic fittings for the inlet and outlet.

6. The system can be scaled to measure flow rates that are larger
by 1 or more orders of magnitude.

7. Response time could be reduced fr om the present nominal value
of 5 s (for engine diagnostics) to 0.03 s (for eng ine control).

~~~~~~ Depending on accuracy/cost trade -off s, the fast response version
of this system could utilize either low-cost analog computation or
high-accuracy fast digital computation.
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RECOMME NDATIONS

Additional tests are recommended , over a wider range of temperature,
and with contaminated fuel , and finally, under vibration. These tests

should involve the complete system with an operational densitometer.

In view of changing requirements, both for diagnostics and control , the
possible utilization of newe r , less expe ns ive velocimeter designs should
be considered , as well as smaller densitometers that may become avail-
able and may be applicable to smalle•r flow cells.

If the present flow cell design is retained , its body should be fabricated
of an aluminum alloy. A T-700 mount appropriate for this reduced-weight
cell should be designed , fabricated and te sted.

Minor changes in the velocimeter electronics are recommended , to re-
duce the effects of internal noise or acoustic noise due to pumping at high
pressure. These improvements may improve the accuracy of the present
approach from 2% to perhaps 1/2% of full scale , or to the limit imposed
by the flow cell,

‘
l
j
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One wiring harness would connect to multipin fitting (not
shown here) in circular reg ion between 450 “legs” .

Figure 13. Photo of M cell mounted on T-700 eng ine.
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Figure 14. End view of M cell mounted on T-700 engine.
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I Figure 15. Tilted top view of M cell mounted on T-700 engine.
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Figure 16. Schematic of hy drostatic pressure test conducted April 1977.
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Figure 24. Calibrating fluid test results.
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LIST OF SYMBOLS

A area of duct

a, b constants

c sound speed

C polarizability

k constant

L axial path length

M mass flow rate

P pressure

Re Reynolds number

T1, T2 transit times

V flow velocity

V area averaged flow velocity

dielectric constant

absolute viscosity
v kinematic viscosity

p density

0 standard deviation

• phase

11367-74
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