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PHASES T AND II
TECHNICAL REPORT

PROGRAM TO DESIGN, FABRICATE,
TEST, AND DELIVER A THERMATL
CONTROL-MIXING CONTROL DEVICE FOR
GEORGE C. MARSHALL SPACE FLIGHT CENTER
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION
{CONTRACT NO. NAS8-31289)

SECTION 1

INTRODUCTION AND SUMMARY

l.1 INTRODUCTION

This is a technical report that summarizes Phases I and II of
the program conducted by AiResearch Manufacturing Company of Arizona,
a Division of The Garrett Corporation, for the George C. Marshall
Space Flight Center, National Aeronautics and Space Administration,
to design, fabricate, test, and deliver a thermal control-mixing
control device as outlined in AiResearch Proposal 74-410765., The
program was authorized by NASA Contract NAS8-31289 and is being
accomplished under AiResearch Mastexr Work Order 3409-248115-01-XXXX.
The material in this report summarizes the program progress from
initiation of the program on February 19, 1975, through March 10, 1976.

1.2 SUMMARY OF PHASE I, TEMPERATURE SENSOR DEVELOPMENT

Phase I of the program, which consisted of the development of
a sensor capable of detecting temperature changes as a function of
viscosity changes, has been completed. This type of sensor, consist—
ing of an orifice bridge circuit, has resulted in a device with a
threshold above internally generated noise of 0.8C (1.5F). Data was
obtained using a "noise free" Freon source provided by an air pres-
surized bladder.

Tests conducted to operate the sensor from a typical Freon -
centrifugal pump system employing an air bubble accumulator for noise
attenuation disclosed that the sensor could be used only to sense
temperature changes greater than 3.3C (6F) because of the excessively
noisy output. This was attributed to the high freguency~pressure
fluctuations in the Freon supply to the sensor. This temperature
sensor was found to be unacceptable for this program because of high
pressure noise generated in the Freon pump systems.

76-411348 (1)
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An alternate sensor was developed under an AiResearch company-
funded Research and Development ‘Program using a fluldlc pin amplifier
in conjunction with an expansion device. This dev1ce is able to

" sense changes of less than 0.25F with greater than 15:1 signal-
to-noise ratio when operating with a typical Freon pump-supplied
pressure. The pressure sensitivity of the sensor is approximately
0.0019F/kPa, which is relatively small and can be easily corrected if
necessary. The expansion device used is an alechol-filled bellows.

The filled=bellows pin amplifier temperature sensor has been
-selected for use in this program and will be integrated with the
selected valve in Phase III of this program.

1.3 SUMMARY OF PHASE II, VALVE SELECTION AND DEVELOPMENT

The pulse duration modulation (PDM) diverter valve has been
selected as the valve to be incorporated with the temperature sensor
in Phase III. The diverter valve has been tested and performed with
100-percent flow diversion. In addition, the valve operates with a

 flow efficiency of at least 95 percent, with the possibility of
attaining 100-percent flow efficiency if the vent flow of the PDM
can be qhaneeled through the last stage of the dlverter valve.

The proportional-vortex combination mixing valve was -built and
tested. The flow efficiency of this valve was approximately 45 per-
cent due to large flow 1osses in the proportional amplifier used to
drive the vortex valves.' The vortex valves operated very well, with
100-percent flow efficiency and full range mixing capabilities. .
Because of the flow efficiency of this valve concept (as well as the
fact that a special type of heat exchanger capable of handling three
flows would be requlred for Freon cooling), this valve concept was
not selected for use in the thermal control loop.

76-411348(1)
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SECTION 2

DESIGN AND EVALUATION OF TEMPERATURE SENSORS

A temperature sensor was to be designed to operate as an
integral part of a Freon 21 temperature controller, to be used in a
thermal control loop. Two temperature sensors were designed and
evaluated for this application. This sensor is reguired to operate
in Freon 21 and to have the temperature sensitivity necessary to
control temperature to 50 *3F. The results of this effort is
discussed in the following subparagraphs.

2.1 ORIFICE BRIDGE VISCOSITY CHANGE TEMPERATURE SENSOR

The design and analysis of the orifice bridge viscosity change

temperature sensor is presented in the following subparagraphs. This

sensor uses a resistive bridge network to sense viscosity changes
due to temperature.

2,1.1 Operation of the Orifice Bridge Viscosity Change Temperature
Sensor

The orifice bridge sensor shown in Figure 1 consists of two
types of restrictors, capillary (R1 and Rx) and vortex (Rz and Rs3).

~

"Ry,

Ry
< . &—
[

L’
N
Dd

FIGURE 1

ORIFICE BRIDGE SENSOR

76-411348 (1)
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The effective resistance of the restrictors will change as a function
of viscosity. The effect of viscosity change oﬁ a vortex restrictor

is somewhat different than on a capillary restrictor. Two dissimilar
restrictors placed in series like R; and R; in Figure 1 will produce

a change in P; that is proportional to viscosity or temperature. By

reversing the order of R; and Ry relative to supply and vent, Ry and

Ry would produce an opposite effect. 1In the orifice bridgs circuit,:
the differential pressure, APO, represents a pressure gain twice that
of the series restrictors.

- The performancé of the orifice bridge sensor with a noise-free
power supply (Figure 2) is shown in Figure 3.

.REGULATED —
AIR SUPPLY — AIR ' FREON
AT 200 PSI ' 21
POLYETHYLENE l
BLADDER
i TO LOAD
FIGURE 2

BLADDER USED IN NOISE-FREE POWER SUPPLY
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2,1.2 Analysis of ‘the Orifice Bridge Viscosity Change
Temperature Sensor

The analvses and theory presented herein were applied to a
simple circuit employing two dissimilar restrictions connected in
series as shown in Figure 4.

Restrictor; Restrictor,

’ Q
Ps % - o= #_‘_Pv

FIGURE 4

DISSIMILAR RESTRICTIONS
CONNECTED IN SERIES

where
Ps = Supply pressﬁre
Pv = Vent pressure
PO = Qutput pressure

Starting with the basic flow equation for incompressible flow
through a restriction, and by assuming that the flow is dependent
upon a Reynolds number, the following equation for flow along a
Aifferential length of a restriction is obtained.

w2

2pA?

= C

an £ =C

£

~-4p p V2
2
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where
dP = Differential prassure drop
dt = Differential length.

Cf = Flow coefficient (devendent on Reynolds
number and restrictor gzometry)

p = Fluid density

V = Fluid velocity

w = Weight flow rate
A = Flow area

By separating the variables and integrating the equation along
the length of the restriction, the incompressible theory yields:

o] A ) L
2
/ —dP=fw2 Cfd£=w2 fcfdz
D 5 2A%p 2RA%p Z
1 .
where
P_ = Pressure downstream of restriction
Pi = Pressure upstream of restriction
= Fluid temperature

P = Local pressure

%

where the tenn‘j/.cf df% 1s proportional to the Reynclds number at

the B power. ©

76-411348(1) -
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For Reynolds number similitude and fixed geometry

P. =P « R P 2T
1 [e} [<]

)
I

Reynolds number

B = Assumed Reynelds number exponent

By substituting ﬁgé for Re’ assuming that p = TK and pV « y, and then

solving the flow rate, we obtain:

=
]

(Pi PO) T

where
_ _ K8
n=grzande=go
y = Fluid viscosity :
X = Exponent on viscosity temperature term

It is interesting to note that the pressure exponent, n, and
the temperature exponent, o, are not independent.

Temperature gain, supply sensitivity, the detzrmination of n and
¢, and bridge temperature sensors analyses follow. -

P . . -
2.1.2.1 Temperature Gain, Eﬁg - By adjusting the flow in the two series

" restriction to equal each other, then taking the 'partial derivitive
9P .

with respect to temperature and solving for 3@9,.the following gain
is obtained.

2P

Incompressible: —m= = %1 = 92 (1)

76=411348(1)
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ap

2.1.2.2 Supply Sensitivity, 352 - By again adjusting the flow in the
S

two series restrictions equal to each other, taking the partial

oP
o’ the following  is

derivitive with respect to P 5t and solving for 5P
s

obtalned

AP
Incompressible: SR LU S (2)

5P _ P - P
njg——5 [+ M
o v

2,1.2.3 Determination of & and n -~ After deflnlng the temperature gain

and supply sensitivity above as functions of n and o« for the two
restrictions, the last step was to determine these values. Since o
and n are both defined functions of 8, the only required values were
the values of B for each restriction. B can be determined from the
flow/pressure data of each restriction.

NOTE: If n is known, 8 may be solved for and used
to find «.

Incompressible: B = % -2

2.1.3 Bridge Circuit Performance

Using the previously derived equations for gain and supply
sensitivity (and with all parameters defined at.zero AP ), the brldge
circuit performance is defined as follows:

2.1.3.1 Gain

AP - P

o o _|ey - a;] s v -
Incompressible: T mE n%] m (3N

where

(PS - Po)=(Po - Pv)for maximum gain.

76-411348{1)
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2,1.3.2 Supply Sensitivity

AP .
' [o ny = n
le: = . 4
Incompressib aPs T ﬁi (4)

Since null of the bridge circuit occurs at a particular tempera-
ture, which is a function of supply pressure, the sensitivity of the
set point temperature changes as a function of supply pressure,

3T _ .,
—FEEE , as defined below.
s

2.1.3.3 Setpoint Pressure Sensitivity

Moot | _ 2% 0%,
T3P oP oT
[ =
- 3T
. . set _ T 1_
Incompressible: aPs - Ps - Pv (ZK) (5)

NOTE: 'The sensitivity of the setpoint temperature
to supply pressure is a function of the
sensitivity of the £luid viscosity to tem-
perature and is independent of the flow
characteristics of the restrictions used.

2.1.4 Bridge Circuit Operating on Freon 21

The gain of the bridge circuit shown in Figure 1 can be deter-
mined from the eguation derived in the previous sections. The
following values have been determined experimentally for Freon,
capillary restrictors, and vortex restrictors.

Freon 21 K = 2.38
Capillary restrictors Bc = =-0.37; a, = 0.54; n, = 0.61
Vortex restrictors Bv = 0,22; o, = -0.24; n = 0.45

76-411348 (1)
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With (P - P ) of 100kPa (14.5 psi) and a setpoint temperafure

of 283K (SOF), the ant1c1pated temperature sensor gain i's approxi-
mately -0. 26kPa/K (0.021 psi/F). The anticipated setpoint pressure

sensitivity is approxzmately 0. 59K/kPa (7.32F/psi) for the same
condltlons.

Since an entire control band of 50 *3F was specified, it is
reasonable to allow *0.56C (21F) of sensor inaccuracy due to supply
pressure variations. Solving Equation (5) for the allowable supply
pressure variations, it was found that:

ATset

T

AP - P ) = 2K
S v set

Py - P)
NOTE: The symbol, A, is used to represent
allowable parameter variations.
Therefore, the allowable supply variation is (.93 percent.

2.1.5 Performance of the Orifice Brldge Viscosity Change
Temperature Sensor

The performance of the bridge circuit with a noise-free power
supply was shown in Figure 3. The set point conditions of this
sensor is approximately 283K (50F) with (PS - PV) at approximately

40kPa (5.8 psi). The temperature sensitivity of the sensor is
approximately 1l.25kPa/K (0.1 psi/F) and the setpoint pressure
sensitivity is approximately 1.6K/kPa (20F/psi). These values
were within 15 percent of those estimated by analysis.

The noise pPresent on the ocutput signal of the bridge circuit
corresponds to approximately 0.8C (1.5F). This noise is assumed to
be flow noise and could be reduced.

Figure 5 shows the performance of a bridge circuit which has
approx1mately +10kPa (+1.45 psi) noise in the supply pressure. The
noise level generates approx1mately 6C variation in the temperature
signal. This also makes it apparent that the noise on the supply
pressure be eliminated to allow the sensor to operate within the
prescribed control bands.

76~411348(1)
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2.2 DEVELOPMENT TESTING OF THE ORIFICE BRIDGE VISCOSITY CHANGE
TEMPERATURE SENSOR

2.2.1 Argon-Freon Innerface Power Supply

Regulated argon was used to pressurize a Freon bottle, in the
interest of saving time and expense, as shown in Figure 6. The
pressurized Freon was used through a heat exchanger as the supply
to the bridge circuit.

When the system was tested, the output of the sensor was too
noisy to provide useful information needed in the sensor development.
It was then discovered that the Freon was absorbing argon.

A conclusion made at this time was that the argon came out of
solution in the passages of the bridge circuit. This was believed
to be the cause of the noise in the sensor. The argon-Freon inner-
face power supply was abandoned at this time.

2.2.2 Freon Vapor Pressure Power Supply

The next approach in creating a power supply is shown in
Figure 7. A pressure difference was produced by heating the supply
reservoir and cooling the vent reservoir.

This method of producing a power supply also created noise on
the sensor's output. It was concluded that the pressure which the
sensor operated was too low to assure the Freon was not in two phases
while in the passages of the sensor. At this point it was decided
that all further Freon testing would be done with a 100kPa (14.5 psi)
pressure differential with the supplyppressure at 1400kPa (200 psig)
to eliminate any problems associated with Freon being in two phases.

2.2.3 Freon Pump Power Supply

A pump had to be acquired that would operate in a Freon 2
environment because of the corrosive properties of Freon 21. Time
to acquire this pump resulted in a delay in the program schedule.

A schematic diagram of the test setup is shown in Figure 8.
A centrifugal pump is used in this system with a flow rate of
15.1 litre/min (4.6 gpm) at 1370kPa (200 psia). During testing, it
was discovered that the pump was generating noise in the supply
pressure. The amplitude of this noise is shown in Figure 9A and was
approximately *43kPa (+6 psi) at a frequency of 250 Hz. The sensor
was unable to meet the sensitivities needed for this application with
the noise level present in the Freon supply.

76-411348 (1)
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The only way that the bridge type viscosity sensor will operate
on Freon 21 to meet the design tolerances would be if the supply
pressure noise level is below 0.93 percent of the bridge circuit
differential pressure (Ps - Pv). Since there are no pumps available

that can provide such a power supply, the enly solution was to
provide an acceptable level,

Various types of atitenuation were investigated. The response
requirement of an attenuator needed for this application immediately
eliminated all mechanical accumulators with moving parts of aporeci-
able mass. O0Off-the-shelf accumulators capable of high fregquency
response are typically of the bladder type:; however, Freon 21
compatibility problems prevented the use of these accumulators.

An air bubble accumulator was introduced into the system at
point B of Figure 8. Ideally the air bubble accumulator will pro-
vide the best filtering effect in that there is a negligible mass
interface between the air and Freon. However, this type of accumu~
lator can not be used in a real life system because the air is slowly
absorbed into the Freon. This accumulator was used only to determine
the approximate amount of fllterlng that could be achleved . -The
-results of this type of fllterlng is shown in Figure 9B. .

It is estimated that dn accumulator with a polyethylene bladder
which is not affected by the. corrosive action of Freon.21l-cduld be
constructed with'a noise amplltude of lesg than t7kPa. A schematlc
diagram of the accumulator- is shown in Figure 10. ’ ”

yoa "

2.2.4 N01se—Free Power Supply Using Polyethylene Bladder

A schematic dlagram of the noise- free _pbower | supply is shown in
Figure 1l. This supply prov1des a noise—free pressure to. the’brldge
for a short period of time:; ' This is not a closed 1odp system and
was used only to eliminate thé supply pressure noise,..’

By eliminating the supply pressure noise, the temperature
circult may be tested and examined for its sensitivities, gain, and
any other noise present in the circuit.

The remaining noise on the sensor cutput could be assumed to
be the result of turbulent fluid flow in the sensor passages. The
bridge output under this condition is shown in Figure 3, and reveals
that the flow noise corresponds to approximately L.5F (0.8C). This
noise level was reduced from that found in previously built sensors
by modifying the transfer passages within the fluidic stack. It can
be assumed that further improvement in this area is possible.

"76~411348(1)
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2.2.5 Conclusions of the Orifice Bridge Viscosity Change
Temperature Sensor Development Testing

The pressure sensitivity of bridge circuit temperature sensors
operating on Freon 21 is not compatible with the noise level on the
pump output, in that the desired control accuracy cannot be achieved
even while using the most effective known methods of noise atitenuation.

By filtering the supply such that pressure variation would be
maintained within 20.93 percent, a bridge-type temperature sensor
could be developed with tolerances capable of controlling temperature
to an estimated *2,8C(+5F). &an additional 0.56C{1F) would be added
to the control tolerance for each additional 0.93 percent pressure
variation in the supply.

The temperature sensor desired for this system should be insensi-
tive to supply varlatlon, so that the effect of noise generatlon in
the powexr supply is eliminated.

2.3 BELLOWS-DRIVEN PIN AMPLIFIER FLUIDIC TEMPERATURE SENSOR

In the following subparagraphs, the design and development of a
bellows~driven pin amplifier fiuidic temperature sensor is described.
This sensor 15 insensitive to the f£fluid properties whose temperature
is being sensed. It has high accuracy and is less sensitive to
supply—-to-vent-pressure differential than othex fluidic temperature
Sensors.

2.3.1 Design Approach

Due to the high sen51t1v1ty required, the, pin amplifier appeared
to be an ideal choice as the main component on the sehsgor. Figure 12
shows the pin amplifier and output characteristics. The pin ampli-
fier consists of a fluid amplifier that has no control ports. The
control action is obtained by introducing a pin in the interaction
region. As the pin is moved from the center position, one of the
receivers is blocked off more,,while the other one is exposed more
to the jet. The result is a differential pressure output. )

The second critical part of the sensor is the actuation system
that moves the pin as a function of temperature. Several bimetallic
configurations were analyzed; however, in order to get the reguired
displacement for a one-degree F temperature change, the size of the
bimetallic element was too large and susceptible to vibration. A
different approach was to use a bellows assembly filled with an
incompressible fluild. This latter approach was utilized. Figure 13
shows a schematic of the sensor and the bellows assembly.

76-411348 (1)
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The bellows assembly consists of two bellows filled with methyl
alcohol. This liquid was selected since it is virtually incompres-
sible and, thus, is not affected by the pressure ocutside the bellows.
Methyl alcohol was chosen particularly because it does not freeze at
minus 65F and it has a high coefficient of cubic thermal expansion.

The small bellows and the amplifier pin move only during the
operating range of 47 to 53F. The movement of the small bellow was
designed to drive the amplifier pin from one end of saturation to the
other in 6F. Motion is constrained by two stops. The anticipated
output characteristics of the sensor are shown in Figure 14.

As the temperature goes above 53F, the linkage connected to the
small bellows moves against one of the stops. The pressure inside
the bellow assembly increases to a value sufficient to overcome
the spring preload on the large bellows. Then, expansion of the
alcohol is absorbed by an expansion of the large bellows. When the
temperature drops below 47F, the linkage connected to the small
bellows moves against the other stop. As the temperature decreases,
the ligquid inside the bellows assembly contracts. However, neither
of the two bellows can move since both of them are against the stops.
The result is a rapid decrease in pressure inside the bellows assem-
bly. Once this pressure reaches the vapor pressure of the alcohol,
the alcohol begins to evaporate such that alcohol vapor will occupy
the remaining volume. As the temperature increases again, the vapor
will condense and the alcohol again will become all liguid.

Figure 15 illustrates the behavior of the pressure inside the bellows
as a function of temperature and the phase diagram of methyl alcohol.

The bellows assembly is located in the flow stream to maximize
responge time. The bellows assembly, due to'the shape of the bel-
lows, is an excellent heat exchanger and is sized to contain the
regquired volume of alcohol necessary to provide the expansion at the
operating range.

The sensor has two main flow ports: .an inlet and outlet port
for the fluid temperature béing sensed. There is very small pressure
drop across the sensor sihce the only restriction is the bellows
. assembly. By reducing the flow area around the bellows, a larger
fluid velocity is obtained; this improves heat transfer and response
time, but results in a larger pressure drop. Three additional ports
are required for the pin amplifier: one for the supply flow and two
for the output signal. The vent flow from the interaction region is
directed first to the upper cavity of the sensor, then through a
passage to the lower cavity where it is mixed with the incoming
flow. While this feature is desired in this particular application,
it can be modified, if desired, by isolating the upper and lower
cavities and adding an additional vent port to the upper cavity.
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One of the outstanding features of this sensor is that it can
be adjusted easily for any set p01nt temperature within the range
of minus 65F to plus 150F., Figure 13 shows the saturation stop and
set p01nt temperature adjustments,

For a different appllcatlon, it may be desirable to change the
gain -of the sensor. This can be accomplished in several ways.

o) -Changing the expandlng fluid inside the bellows

assembly
o} éhanging the size of the pin amplifier
o Raising the position of the amplifier and

thus reducing the lever arm

2.3.2 Design Analysis

2.3.2.1 Pin Amplifier - Figure 16 shows the separate laminates and
pin amplifier stack. For this particular pin amplifier design, the
distance that the pin has to be moved from.the center position to,
obtain saturation is 0,0075 inch (0.19 mm) Thus, the total travel
required is 0.015 inch (0.38 mm). ’

. A study was performed to investigate the fluid forces on the
pin using water as the supply fluid. The results indicated that the
forces were negligible and would have no effect on the performance..

2.3.2.2 Bellows Assembly - A model was used to determine the wvolume
necessary to vield the regquired motion of the small bellows. This
model simulated:

Spring constant of the small bellow

Container (bellows assembly) elasticity
Container (bellows assembly) thermal expansion
Fluid (alcohol) compressibility

Fluid thermal expansion

© 0 0o 0 O O

Effect of extern%l‘pressure

76-411348(1)
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The model is illustrated on Figure 17.
center position and the pin is given by:

(Pc > Pe) AEFF

K

assuming that the small bellows is at its free position where the

pin is at the center position

I

Distance between the center position and the pin
Pressure inside the bellows assembly

Pressure outside the bellows assembly

Effective area of small bellows

Spring constant of small bellows

, of the container can be linearly approximated as

Cc
O

Volume of the container

Initial volume of container

Temperature
Initial temperature
Inside pressure

Outside pressure

The distance between the

[1 + C; (T - TO) %0y Py - Pe)]

3 x linear thermal expansion coefficient

of the large bellow (nickel)

D

.-

£t B

D, = Diameter of large bellows
t = Thickness of large bellows
E = Modulus of elasticity

76-411348(1)
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The volume of the expanding ligquid can be linearly approximated as

Vp

ee

where

i

s

YF

M

e

o} p = = =
¥ Ny [1 £, (T - T) + £; (B Po4

]

M

F

eIt [l+f1 (T—TO) = F5 (Pi—Po)} (8)

o]

Mass of the fluid
Density of the fluid

Initial density of the fluid

Coefficient of cubic thermal expansion
for the expanding liquid (alcohol)

Temperature

Initial temperature

Compressibility of the expanding liquid
%; f = bulk modulus

Pressure inside the container

Initial pressure inside the container

The final basic equation is

X

where

- v (9)

1
S SEESS (V
Appp T ?

Distance between the center position
and the pin

Effective area of small bellows
Volume of the fluid

Volume of the container

76-411348(1)
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Equations (6) through (9) are combined to yield

Vv
c
(@]
B (B = e - T e e = R )
A o (10)
Vc k (C2 + £3)
Ty
AZ
EFF

where all the terms are described in Equations (6) through (9).

By taking the partial derivative of Equation (10) with respect
to T, the following is obtained

v
CO

= (£, ~ €}
?..z.{ = EFF (]_]_)
oT vV, K {Cr + 12}

; B D,
2
Appp

The desired value of %% is

e

= 0.0025 —

AN 0L 15N in. mm
i = (0.0635 -E-,--)

& [

Solving Equation (11) for Vc and substituting values, a value for
o
V., of 0.0759 in.?® (1.24 cm®) is obtained. This value is 10 percent
o
higher than the value obtained by the simple formula

AX AEFF

VC‘ = AT £,

e

(0.015) (0.0179)
(6F) (6.48 x 107" %)

= 0.0690 in.?® (1.13 cm?)

The bellows assembly has an internal volume of 0.0775 in.?® (1.27 cm?) .

76-411348(1)
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Although alcohol is a liquid, most liquids are slightly
compressible; therefore, some set point sensitivity with pressure
will result. Taking the partial derivative of Equation (10) with
respect to Pe’ the following is obtained

VC
- = o £,
Tk e EFF
+
BPe Vco k (C2 f£a)
1 +
2
AEFF

After substituting the corresponding values

a¥- W =% dn.,
-3-1:?—- = 2.29 x 10 i)-g—]r:
e
and since
Tspr _ a7 , 3%
oP % oX oP
e &
i |

= : (2.28 x 10”5 li)
(0.0025 l—g'-) el

2 & F
= 0.0092 BT (0.0013 EﬁE)

However, the actual figure will probably be larger since any
impurities or air entrained in the alcohol will increase the
compressibility.

2.3.3 Development Unit

Figure 18 shows the bellows-driven pin amplifier fluidic temper-
ature sensor. Figure 19 shows a bottom view of the sensor and the
ports. Figure 20 shows the uncovered top view with the saturation
adjustments and the pin amplifier. Figure 21 shows the uncovered
bottom view with the set point adjustment. Figure 22 is a reduced
outline drawing of the sensor.
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2.4 DEVELOPMENT TESTING OF THE BELLOWS-DRIVEN PIN AMPLIFIER FLUIDIC
TEMPERATURE SENSOR

2.4.1 Testing with Water

Preliminary tests were performed with water. Figure 23 shows
the test setup used to test the unit in water and Figure 24 shows the
test results. To obtain a curve like that shown in Figure 24, the
temperature must be varied very slowly. If this is not done, the
resulting curve will exhibit an apparent "hysteresis" due to thermal
lag.

2.4.2 Testing with Freon 114

Once the unit was operating satisfactorily in water, tests were
begun with Freon 114. Figure 25 shows the test circuit. Using this
circuit, only the Freon inside the sensor is lost when the unit is
removed from the circuit. Figure 26 shows a characteristic curve
for the sensor. As with the tests with water, if the temperature is
not changed very slowly, an apparent hysteresis will appear due to
the thermal lag of the sensor.

Freon tests revealed that the unit was noisier than expected.
There was some noise anticipated outside the set point temperature,
since the gain of the pin amplifier is proportional to PS - PV‘

However, at the set point temperature (pin is at the center of the
interaction region), the output pressure, APO, is zero for any

PS - Pv even though PO+ and PO— will both increase or decrease

with increasing or decreasing P respectively. Yet, results

s = Fyr
indicate that APO is not noise free at the set point temperature.

It is suspected that the output impedances are not the same; conse-
guently, the pressure transducer will sense an increase in PO+ faster

than PO— (or vice versa). Although there is some noise in the output

signal, the signal-to-noise ratio is high enough that no problems are
expected when the sensor is integrated in the rest of the system.
Figure 27 shows an oscilloscope picture of the supply vent pressure
and output noise.

It was expected that the sensor would be slightly sensitive to
the pressure around the bellows because of the compressibility of the
alcohol. Experimental results indicate that the set point sensitivity

with pressure outside the bellows was 0.0129 iy (0.0019 —E—).
psi kPa
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2.4.3 Conclusion of the Bellows—Driven Pin Amplifier Fluidic
Temperature Sensor Development Testing

This temperature sensor is capable of providing the temperature-
sensing function required for the thermal control loop. The output
sensitivity of the temperature sensor is approximately 14 kPa/F with
a 70 kPa supply. This far exceeds the sensitivity that can be
attained by oscillator or bridge—~type fluidic temperature sensors.
This temperature sensor when operating on Freon has a signal-to-noise
ratio of approximately 15, which is adequate for use in the thermal
control system.
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SECTION 3

DESIGN AND EVALUATION OF
DIVERTER AND MIXING VALVES

3.1 VALVE DESIGHNS

Several valve concepts were considered for this application.
The major factors chosen for selecting the valve to be used were
reliability, efficiency, and range of control. The desired reli-
ability and efficiency of the valve would be as high as possible,
whereas the range of control of the valve must exceed a minimum value
established by the temperature control band and the worst temperature
case of the system. The worst case is established when the hot flow
is 53F and the cold flow is minus 65F. The valve must be able to
control the temperature to 50 #3F by mixing the hot and cold flow. .
The minimum required diverting or mixing capability of the valve is
approximately 95 percent hot flow and 5 percent cold flow. This
would result in a mixed flow temperature of 47F.

The following secﬁions discuss the operation and capability of
the valves that were considered for this application.

3.1.1 Proportiocnal Fluidic Diverter Valve

A proportional valve, as shown on Figure "28, may be operated
with or without a vented interaction region. Venting the interaction
region would be accomplished. by providing a flow path between the
interaction region of the valve and the pump: inlet. This flow path
may be restricted or regulated such that a constant pressure drop
may be maintained across the valve.

The valve vent flow returned to the pump inlet is considered
lost flow since the flow could not be used in the remainder of the
thermal control loop. Figure 29 indicates the flow paths if the
valve is wvented.

Operating with a vented interaction region, the flow that is
recovered through the output of the valve will be approximately
50 percent of the flow entering the supply and control ports of
the valve. It is possible, however, to divert 100 -percent’ of the
recovered flow, either to or bypassing the cool sink.

When the valve is operated with a nonvented interaction region,
the only flow paths available are through the entire control loop.
This allows the valve to have 100-percent flow recovery or efficiency.
However, the characteristic that renders this approach inadequate
is that: 95-percent. flow diversion cannot be obtained.
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The nonvented valve is not suitable for the thermal control
loop application. The vented valve will operate and meet the range
of control requirements of the system. However, the factor to be
considered would be the flow efficiency of the -valve, which is
approximately 50 percent.

3.1.2 Vortex Valves

The flow characteristics of the vortex valve are shown on
Figure 30. This valve may be vented by placing a wvent port sur-
rounding the output port of the amplifier as shown on Figure 31.

The nonvented vortex valve can attain flow gains of approximately
five to six, but cannot be used as a diverter valve since the maximum
flow diversion a pair of vortex valves can achieve is approximately
75 percent, as compared to the 95 percent required for the system.

The vented vortex valve can attain approximately the same flow gain
and meet the flow diversion requirement. As with the proportional
flueric diverter wvalve, the vent flow is considerable and flow effi-
ciency will be approximately 50 percent or less.

Another vortex valve characteristic that should be considered
is control pressure (Pc) which must be higher than the supply pres-

sure (Ps) for the vortex valve to operate as intended. This means

that the output of any device that would be used to drive the vortex
valve must be capable of creating vortex control port pressures
greater than the vortex valve supply port pressure. Figure 32 is a
schematic of a vortex cascade that could be used as a diverter valve.
Notice that APé is the output of the vortices driven by APC and

supplied with Ps‘ The pressure levels of APé is lower than Ps' which
is lower than the pressure level APC. This is similarly true for
Stages 2 and 3. It can also be shown that PS must be greater than

Pé, which must be greater than Pé'. Ps’ Pé,
lated, or by some means held constant at three separate levels. This
could require additional pump head as well as possible implementation
of low reliability, moving-part pressure regulators to operate the
valve.

and Pé’ must be regu-

3.1.3 Proportional-Vortex Combination Mixing Valve

This mixing valve arrangement (as shown in Figure 33) utilizes
two vortex valves, which are controlled oppositely by the output of
a vented proportional amplifier. In this system, Vortex A functions
with hot supply flow (WSA at 53F to 100F}, which arrives at the

vortex from the Freon pump throuwugh Restrictor R;, and with a cold
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control flow (W, at 47F to minus 65F), which was hot flow from the

output of the proportional amplifier before passing through the
cooling heat exchanger. Vortex B functions with a cold supply flow
(WSB at 47F to minus 65F), which is hot flow from the Freon pump

through Restrictor R; before being passed through the cooling heat

exchanger, and with a hot control flow (WCB at 53 to 100F), which is

hot flow from the output of the proportional amplifier,

The supply flow (WS) of the vortex valve may be shut off .
completely as seen in Figure 30. At this condition, the minimum
flow condition,

Wo(min) = Ws + Wc = Wc

since

Similarly, the control flow will be zero when the supply flow
(Ws) egquals the ocutput flow (WO). At this condition, the maximum

flow condition,

= -+ - o=
Wo(max) Ws Wc Ws

since

By modulating the control flows to each vortex valve such that
the output flow of Vortex A (WoA) is a maximum when the output

flow of Vortex B (WoB) is a minimum, the total flow (Wm) would con-

sist entirely of hot flow since,

Wm = WoB(min) + WoA(max)

_ Zero _
and W, ooy = Wy + % = W_, (hot flow)
) _ Zero _
Wog (min) = wA W, = Wp (hot flow)
+then W, = Wy, + W (both are hot flow {53F to 100F})
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The opposite would be true by modulating to the condition
where

W, =W W

T oB (max) oA {min)
Won (min) = %Zero + W, =W, (cold flow)
Wop (max) = Wen * WALZSTO = w_ (cold £low)
then Wp = WsB + W (both are cold flows {47F to minus 65F})

Modulation of the vortex valves in the fashion described above
can be provided by a vented proportional amplifier, which would be
driven by the output of the temperature sensor. It is theoretically
possible by this means of control to mix any proportion of hot and
cold flow from either 100 percent hot or 100 percent cold filow.

The vortex valves of the mixing valve operate with full flow
recovery. The overall flow efficiency of this mixing valve arrange-
ment will be reduced by the flow efficiency of the vented proportional
amplifier used to drive the vortices. The flow bypassed to pump inlet
(WBP) is considered lost flow since it will not be used as cooling or

heating flow in the rest of the system. Tests using water as the test
medium indicate flow efficiencies of staged proportional amplifiers

at approximately 40 to 50 percent. Since the supply flow of the
vortex wvalves (WS) constitutes approximately. 70 percent of the total

nixed flow (Wm) and the output of the vented proportional amplifier
(Wc) constitutes the remaining 30 percent of the mixed flow, the

overall flow efficiency of this valve arrangement is estimated in the
range of 69 to 77 percent as calculated from the following equation:

W + W
= . s - S
n, = Overall Flow Efficiency = T T x 100 percent
s c BP
Wm
=5 X 100 percent

T

The flow efficiency of this valve concept will be of significant
importance in the selection of a valve for this program.
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3.1.4 Pulse Duration Modulation (PDM) Diverter Valve

The pulse duration modulation is a means of providing a propor-
tional control of either flow or pressure, in this case flow, of a
two-position valve. This is accomplished by modulating the relative -
length of time that the valve exists in either one or the other,of
the valve positions, at a switching frequency much fastex than ‘the
remaining components of the system (in this case, the temperature
sensor) can react to. Figures 34 and 35 show schematically the
operation of the PDM's function in providing a proportion flow
control. The PDM diverter wvalve will divert pulses of flow, either
through the cooling heat exchanger, mixing chamber and temperature
sensor, or bypassing the cooling heat exchanger to the mixing chamber
and then to the temperature sensor, The duration of the pulses in
the two flow paths are modulated oppeositely from zero to 100 percent
of the period of oscillation of the PDM. 1In Case No. 1 (see
Figure 34}, the duration of the pulse that bypasses the cooling heat
exchanger is 0.75 t., Similarly, the duration of the pulse to the
cooling heat exchanger would be 0.25 t. The average flow rate in
each flow path for Case No.-1 would be 75 and 25 percent of the
maximum flow rate, or 75 percent flow diversion to the path bypassing
the cool heat exchanger and 25 percent flow diversion to the path to
the cooling heat exchanger., Case No., 2-:indicates 50 percent flow
diversion to either flow path. The average flow rate in each path .
is 50 percent of maximum and the pulse duration in .each path is
0.5 t. Case No. 3 would be the exact opposite of Case No. 1.

. It should be noted that, if the duration of the pulse in a. path
is 1.0 t, the pulsing has stopped and lOO percent flow diversion to
that path has been achieved.

The schematic of the PDM diverter valve is shown on Figure 35.
The schematic of this valve arrangement indicates three sections:
the oscillator, the output staging of the PDM, and the bistable
diverter valve. Operation of these devices is discussed in the
following subparagraphs.

The flow efficiency of this valve arrangement is dependent upon
the amount of flow that must be bypassed to the pump inlet. 1In
Figure 35, the oscillator and PDM output of the PDM diverter valve
use vented amplifiers which constitute flow losses. As described in
paragraph 3.1.4.3, the bistable diverter valve may operate unvented
with 100 percent flow recovery or may be flow amplified so that the
oscillator and PDM output staging may operate with low power consump-—
tion and low vent flow. It is expected that the flow efficiency of
this type of valve arrangement may exceed 95 percent.

76-411348(1)
Page 55



. AIRESEARCH MANUFALTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPORATION

Gnnnm PHOENIX, ARIZONA
-
100
( .
AVERAGE FLOW RATE = 0.75 PERCENT AT MAXIMUM
° —_—
case 1 ¢ TIME
100
\ AVERAGE PLOW RATE = 0.25 PERCENT AT MAXIMUM
4] &
TIME &
100
( f
e _AVERAGE FLOW RATE = 50 PERCENT AT MAXIMUM
g
[+7]
g 0
casE 2 { . TIHE —
=
1]
& 100
\ 1‘ AVERAGE FLOW RATE = 50 PERCENT AT MAXIMUM
]
TIME — P
100
AVERAGE FLOW RATE = 25 PERCENT AT MAXIMUM
] .
TIME —3%=
CASE 3 <
100
\ -AVERAGE FLOW RATE = 75 PERCENT AT MAXIMUM
0
TIME =%
FIGURE 34

PDM PULSE MODULATION CHARACTERISTICS

76-411348(1)
Page 56



LGS 2bwvg

(T)8VETTP-9L

GARREYT

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A DIVISION OF THE GARRETT CORPORATION
PHOENLIX, ARIZONA

FREON SUPPLY

N

R ) f < (HOT FLOW)
VENT RESTRICTOR TO
S T —T0 PUMP COMPENSATE PRESSURE
// \\ INLET DROP IN HEAT EXCHANGER
‘ N
" |
\ \\ N a MIXED
| TO
EXCHANGER
e APppy ‘Jﬁ/’4 r="— "2 TEMP
s &b>\ i SENSOR
, | o MIXING
OSCILLATOR : . ‘
BILSTABLE |
FEEDBACK ¢ 34 DIVERTER ;
o . FLOW
AP pp © PDM
QUTPUT
) STAGING
" PDM
FIGURE 35

‘PULSE DURATION MODULATION

DIVERTER VALVE



n AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVISION OF THE GARAETT CORPORATION

PHODENIX, ARIZONA

A potential problem in coupling of this system with the
temperature sensor is the possibility of noise being generated from
the switching of the diverter valwve, thereby generating excess noise
in the temperature sensor output.

3.1.4.1 Oscillator - The oscillator circuitry provides a base
fraequency for the PDM. The oscillator consists of a high-gain
amplifier cascade with a time delayed negative feedback such that
the amplifier is unstable and will oscillate at a frequency deter-
mined by the amount of time delay that is introduced into the feed-
back. The time delay is mainly generated in the transport lags that
exist in the amplifiers and the feedback restrictors.

3.1.4.2 PDM Output Staging and Modulation Control — The PDM output

staging is nothing more than a two-position switch that will have an
output characteristic as shown in Figure 36, where APSum is the input
to the switch and APPDM is the output.

APSum is a function of the output of the oscillator (APOSC) and

the modulation control. Modulation control in this application is

the output of the temperature sensor (AP )+ The summing restric-

Temp
tors reduce the gain and superimpose the oscillator output and the
temperature sensor output such that the APSum and APPDM have a

CHiracteristic as shown in Figure 37. Superimposing of the oscil-
lator output and the temperature output enables the output of- the
PDM to have a modulated pulse width. - .
3.1.4.3 Bistable Diverter Valve - This flueric valve has a two-
position output which will divert 100 percent of the flow to either
of the output flow paths. The direction of diversion is commanded
by the output of the PDM, This valve is not vented, which means
100-percent flow recovery. The valve can be staged such that low
contrel flow from the PDM may drive the diverter valve. This is
important in maintaining a high flow efficiency in the PDM diverter
valve., Figure 36 indicates the approximate characteristic of the
bistable diverter valve. The output flow of the diverter valve is
shown in Figure 37(c) and (d).

3.1.5 Jet Pipe Diverter valve

A schematic of this valve is shown in Figure 38. This diverter

valve uses the temperature signal (APTemp) to position the nozzle-of

the jet pipe over the nozzle receivers, which diverts the flow as
either hot flow or as flow to the cooling heat exchanger.

The jet pipe valve can operate without vents and thus maintain
100-percent flow efficiency. It is expected that 95-percent flow
diversion can be attained.
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3.2 DEVELOPMENT TESTING OF VALVES

In evaluation of the valves considered for this program, the
proportional amplifier and the vortex valve were immediately rejected.
because they could not meet the required system perfermance. The jet.
pipe diverter valve, which has possibilities of meeting the require—
ments, was not evaluated because of inherent low reliability of the
moving parts as compared to non-moving part flueric valves.

It was decided that the PDM diverter valve and the proportional-
vortex mixing. valve would be partially constructed and tested for
confirmation of expected performances. The points of interest in
the development testing of these valves were achieving high flow
efficiency and meeting the diversion or mixing requirements.

3.2.1 Development and Testing of the Préportional—Vortex
Combination Mixing Valve

"The fluidic schematic of the proporticnal-vortex valve is shown
in Figure 38. This valve requires flow amplification of the temper-
ature sensor output, which is provided by amplifiers No. 1 through
4., The output of the No., 4 amplifier drives into the control ports
of the vortices. Note that supply flow of Vortex A and the output
leg of Amplifier No. 4, which feed the control port of Vortex B, both
flow through the cooling heat exchanger and that orifice Restrictors
1l and 3 have been stationed so as to compensate equally for any pres-
sure drop that may be encountered in the heat exchanger. Flow .
Restrictor 2 is used to drop the vortex supply pressures to levels
lower than the control port pressiure levels for proper operation of
the vortices.

Development testing of this wvalve concept was accomplished in
two parts: one to-define the performance of the vortex valves when
coupled in this manner, and the other to defineé the size of the -
proportional amplifier (No. 4) needed to drive the vortex valves.

The following subparagraphs discuss the design, procedure of
test, performance, hardware, and problems present in this walve
concept.

3.2.1.1 Vortex Valve Design - A conceptual diagram of a vortex valve
is shown in Figure 40. Thigs represents the major design parameters
and flows of vortex valves. These parameters have been nondimen-
sionally mapped for design purposes as shown in Figure 41. The
parameters used are defined as follows:

r, - The outer radius of the chamber.

r, - The exit port radius.

h - The chamber height.

1
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total area of the supply ports.
total area of the control ports.
total area of the exit ports.

supply pressure differential between supply
exhaust ports,

maximum valve output mass flow.

maximum control pressure difference between
control and exhaust ports; this is also the

cutoff control pressure.

As ~ The
A - The
C

Ae - The
Ps - The
and

Wm - The
Poo ™ The
the

ch - The

maximum control mass flow available to

actuate the valve; the minimum or cutoff total

flow for the wvalve.

= _ oo
ch W

m
= _ Tec
Pcc TP

s
AS/Ae > 3

0.144 < 2 < 0.64
= .

o

E.....>2
r
e

The multiple-valued cutoff region of the wvortex valve cutoff
flow and pressure characteristic iz used for the design of bistable
Design in this area was avoided since con-
tinuous modulation of the supply flow was needed for the mixing

action vortex wvalves.

action.

Using the

characteristics of Figure 41, development testing of

the vortex valve was developed in the following manner.
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a. The desired supply port difference was selected
as

Ps = 100 kPa (1l4.5 psi)
with the maximum control pressure

Pcc = 140 kPa (20 psi)

This yields

PCc ~ 1.4

b. It is desired that ch be as low as possible to

increase flow yet maintain a margin of safety
from the multiple~valued cutoff region. Thus

W = 0.22
cC

was selected.

c. With W&c and ﬁcc plotted on the vortex map in

Figure 40, the area ratio and radius ratid are
indicated for meeting the ch and P reguire—
nents.

Area Ratio, KE ~ 0.33

Radius Ratio,

d. The total flow rate desired of the two vortices
(WTotal) operating oppositely should total

approximately 15 lpm (4 gpm)

Then

WTotal = ch + Wm = 0.22 Wm + Wm

W
= _Total _ 153 1pm (3.25 gpm)

m- T1.22° 7
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With W " Ps’ and knowing the operating fluid (for

deVelopment testing this was water), A was deter-
mined by the following relationship

W
A = 2
/2P
Ce g
where
C, = The discharge coefficient of exit

port, C_ & 0.75
p = Density of fluid
g = Gravitational constant
This vields
A = 0.196 em? (0.030 in.?)

and

r, ® 0.25 cm (0.098 in.).

For re/ro & 0.13

r, ® 1.92 cm (0.75 in.).
h of the vortex supply port must fall between
the following limits

0.5 cm (0.196 in.,) < h < 1,18 cm (0.465 in.)

h was selected at 1.02 cm (0.4 in.):.

Since Ac/Ae should egual 0.33

A, = 0.066 cm? (0.010 in.?)

and cgntrol port width would be
ch = 0.064 cm (0,25 in.).
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h. For the requirement of AS/AO > 2.5, the width of the
supply port must be

W > 0-38 sem (0L 150 st
sp

Through this analysis, the vortex was designed to the following
dimensions

o= 0.1 an. (0.254 cm)

e
B 0.8 in. . (2.03 cm)
sp = Q170 1in.- (0432 cm)
ch = 0.025 in. (0.064 cm)

h=-0.4 in. (1.02 cm)

This design is shown in Figure 42.

Due to a dimensional error in manufacturing tooling, the control

port width (wcp) was doubled, resulting in an area ratio of 0.67

instead of 0.33. By referring to Figure 41, it can be seen that the
expected performance of the vortex valve with the area ratio of 0.67
and radius ratio of 0,125 would be

ch & 0425

PCC & 1,125

Wm ~12.3 1lpm (3.25 gpm)
ch = 3.08 lpm (0.81 gpm)
PCC = 113 kPa

3.2.1.2 Proportional Amplifier Design for Driving the Vortex Valve -
Since the required output flow of each leg of the proportional ampli-
fier was zero to approximately 3.8 lpm (1 gpm), a vented proportional
amplifier would be required since a nonvented proportional amplifier
is not capable of achieving this flow requirement. An amplifier
design capable of achieving the required flows was in existence and
was used for development testing of this valve concept. This propor-
tional amplifier is shown in Figure 43.
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3.2.1.3 Development Testing and Test Results of the Vortex Valves -
To simplify the complexity of integrating heating and cooling loop

in the test setup, the vortex valves were operated with the working
fluid at ambient temperature. Water was used for all testing for

ease of operation of the system, to reduce development costs resulting
from loss of Freon in switching test fixtures, and to avoid the
additional expense required to build and bond fluidic circuitry to
eliminate Freon leakage. The effect of the fluid on the performance
of the valves and amplifiers will be proportional to the relative
density of the fluids.

Figures 44 and 45 present, respectively, the schematic and
photograph of the test setups for testing vortex valves. This setup
was arranged to simulate loading of the valves when operating with
the heat exchanger and being driven by the proportional amplifier.
Flowmeters and gauges were placed in this system such that the con-
trol, supply, output flows, and pressures could either be determined
or read directly. Ball valves BV; and BVj3; were used in this test
setup to simulate the pressure drop created by the cooling heat
exchanger and its compensation resistance (Orifice Restrictor 3 in
Figure 39). It was assumed that the pressure drop of the heat
exchanger would be negligible; therefore, both ball valves BV3 and
BV: were opened. BV, was adjusted for approximately a 10-psi drop to
simulate the approximate pressure drop produced by Orifice Restrictor
2 of Figure 39.

The purpose of this test was to determine if the vortex wvalves
could be operated in this fashion, if the vortex valves were capable
of attaining the flow mixing requirements, and if so, what were the
required driving forces needed to operate the valves.

These tests were performed by modulating the control pressures

p :
(Pcl and c2) oppositely such that the mean control pressure (Pmean)

was constant.

c c
—1l___ "2 = constant.

Figure 46 presents the test results by representing the supply
flows (WS1 and Wsz) and control flows (Wc and Wc ) versus the
1 2

pressured differential, APC, on the two vortex control ports.
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Figure 47 represents the same data, only in a different form.
In this figure, the followigg three flow rates are represented;

Wy + W, - This sum of flows would represent

51 2 - = . .
Wop * ch as in Figure 44 or the_

total amount of hot flow.

W + Wc - This sum of flows would represent

S2 1 , .
Weg * W, 88 in Figure 44 or the

total amount of cold flow.

W_ =W + W + W + W ~ This sum of flows represent
m S1° S2 c1 €2 the total amount of mized
flow over the range of
modulation.

" Figure 47 clearly indicates that the vortex valves coupled in
this manner can be controlled so as to mix flow ratios of greatex
than 20:1 of either hot flow and cold flow or cold flow and hot, flow,
as well as any ratio of hot and cold flow in between these two
.extremes, It should also be noted that the total mixed flow (Wm)

.remains essentially -constant during the modulation of the valves.

3.2.1.4 Development Testing and Test Results of the Proportional-
Vortex Combination Mixing Valves - With minor modification, the’
vortex valve test setup was modified to the coafiguration shown in
Figure 48. This test setup is equivalent to Amplifier No._4,
Vortex A, and Vortex B of Figure 39. The purpose of this test was
to determine the approximate size of the proportional amplifier
required to drive the vortex valves, then to determine the approxi-
mate flow efficiency of the system.

During testing, it was immediately determined that the output )
impedance of the proportional amplifier was much larger than the
input impedances of the vortex valves. This would require that the
flow area of the power nozzle of the proportional amplifier be
approximately two to three times larger than the control port area cf
the vortex. With the hardware that was available at that time,
AiResearch was unable to construct a proportional amplifier of the
required flow area. As an alternative, a proportional amplifier was
constructed with a power nozzle area equivalent to the control port
area of the vortex. This amplifier was able to modulate the vortex
valve with a APC of only %3 psi, This was not enough to modulate the

flow extremes as shown in Pigure 47. Although this was not the per-
formance required of the system, the relative magnitudes of the wvent
flow and control flows were observed so that approximations of a
system meeting the required performance could be made.
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The vent flow (WBP) of the proportional amplifier in the systém
tested was approximately 60 percent of the power nozzle flow (WPN) of
the proportional amplifier. The tests run indicated that

Wiy = Wop + W

PN BP ci {max)
where WBP = 0.6 W?N
Wcl(max) = 0.4 WfN'

By doubling the area of the power nozzle to make the vortex valves
‘meet performance requirements, WfN would also double. Referring to

Figure 46, it is seen that the control flow would only increase by:
about 20 percent.

This doubled flow (W;N) would then be

* = * *
W Wv + W

PN c; (max)
and since
Wiy = 2 Wpy
* = = = *
Wcl(max) l'z'WCy(max) 0.48 WPN 0.24 WfN

The vent flow of the larger amplifier would he

W = 0.76 WE

% = 3.2 W}

N ¢ (max)

Assuming that the vent flow of amplifier Stages 1, 2, and 3 of
Figure 39 would be approximately equal to the W% or WEP = 6.4 W¥

ci (max) '
the overall flow efficiency of this system would be

W W, + W
n =-Wg x 100 percent S <

= x 100 ﬁercant
W Wy Wy * W, *+ Wpgp

since

and
BP Wcl(max) = o}
Then

n,, = 45 percent.
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3.2.1.5 Conclusion of Proportional-Vortex Combination Mixing Valve
Testing - The overall flow, eff1C1ency of this system was somewhat
lower than expected from the initial analysis of the system. This
was due to the unexpected large output impedance required of the
proportional amplifier. The flow efficiency of the proportional
amplifier stages was approximately 16 percent. Since the vortex
valves were operating with 100 percent flow efficiency, the flow
efficiency of the device (in this case, the proportional amplifier),
which centrols the vortex valves, is the area of concern. If the
flow efficiency of the vortex controller could be improved to as - -
high as 80 percent, the overall flow efficiency of the system would
be approximately 95 percent, rendering -this system very acceptable
for use in the thermal control loop.

Performance of the vortex mixing valves was as expected in
the preliminary analysis. Test results have shown that this vortex
mixing valve arrangement can be made to mix hot and cold £low in
any proportion from zero percent cold, 100 percent hot flow-to
100 percent cold, zero percent hot flow.

3.2.2 Development and Testing of the PDM Diverter Valve

Development and testing of this diverter valve concept was
accomplished in three phases. First, the bistable diverter valve
was sized, manufactured, and tested to determine the operating
characteristics and performance. Then, the pulse duration modulator

"was designed, built, and tested. Finally, the PDM was coupled with
the bistable diverter valve for testing of the complete valve.

3.2.2,1 Bistable Diverter Valve Design and Development - The
bistable diverter valve was designed to operate without venting the
interaction region. A previously designed nonvented bistable
diverter valve was scaled down to meet the flow reguirement for -
this system.

This diverter valve maintained 100 percent flow diversion when
backpressurized to 60 percent of the supply to off-leg pressure
differential. The diverter valve was operated with water, with the
off leg of the valve able to asperate ambient air. The bistable
diverter valve used in the thermal control loop could do this since
the ‘system would be a Freon—-charged closed loop. This led to re- .
evaluation of the expected performance of the divérter valve operating
in the thermal- control systen..

The newly designed bistable diverter valve was manufactured. and
assembled for testing. Figure 49 shows the schematic of the test
setup., Figure 50 shows the bistable diverter valve mounted in its
test fixture for testing. This test fixture was designed for visumal
observation of the flow patterns created in the wvalve.
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The primary purpose of testing this valve was to determine to
what extent the valve could be backpressured and maintain 100-percent
flow diversion. It was discovered that the backpressure applied to
the system was a function of control pressure differential and -the
mean level of the control pressure (Pc(mean))'

APC=P --Pc

c) 2
P + P
c ¢
P =—L74
cc (mean)
APo = Pol - P02

Figure 51 presents the data which indicate the conditions for which
100-percent flow diversion can be achieved. Notice that the percent
of backpressure that can be placed on the valve, while maintaining
100-percent flow diversion, increases with control pressure mean
(Pc(mean)) as well as with the control pressure differential (APC).

It should be noted that the off-leg pressure (P01 or Poz) during
100-percent flow diversion condition will be equal (Pj) since the
flow in the off leg is zero.

The importance of the backpressure capability of the diverter
valve may be better understood by refering to Figures 49 and 35.
Ball Valves B; and B; were in the test setup to simulate the pressure
drop of the heat exchanger and the compensation restrictor of the
actual system, as well as to backpressure the valve. The greater the
backpressure capability of the valve, the more flexibility there will
be in the design of the cooling heat exchanger, in that the heat
exchanger may be more flow restrictive or have higher pressure drop.

3.2.2.2 Design and Development of the Pulse Duration Modulator -

The design of the pulse duration modulator is shown in Figure 52.
This design was assembled and tested. The PDM circuitry, when
bonded, will appear as in Figures 53 and 54 with the porting on the
bottom of the stack (seen in Figure 54) interfacing the PDM circuitry
with the bistable diverter valve, temperature sensor, and power
supply of the system. This circuitry is considered to be quite
compact, requiring low flow relative to the system requirements.

The oscillator portion of the PDM was constructed using five
stages of proportiocnal amplifier and 24 sets of vortex restrictors
in the feedback. The large number of amplifiers and vortex restric-
tors were required to add transport lag in the oscillator loop and
to generate a 50-Hz oscillation. This oscillation is the base
frequency of the PDM. The output of the oscillator is shown in
Figure 55.
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OSCILLATOR OUTPUT

The oscillator output and temperature sensor signal, when
resistively summed, drive. the output stages of the PDM (Amplifiers
No. 7, 8, and 9). The gain of the PDM is presently set such that
2 psi (13.8 kPa) APTemp Signal will drive the PDM output into full

saturation of the nonswitching condition.

3.2.2.3 Pulse Duration Modulation Diverter Valve Testing - The
purpose of testing the PDM diverter valve was to establish the
approximate flow staging of the diverter valve such that it could
be driven by the PDM. The test setup schematic shown in Figure 56
was used to test the circuitry. No modifications were made to the
PDM. Flow staging of the diverter valve was provided by bistable
diverter valves (Nos. 10, 11, and 12 of Figure 57). Two sizes of

bistable diverter valves were used in this staging, as are shown in
Figure 58.

When staging the nonvented bistable diverter valves, the control

pressure on the valve cannot be lower than the output pressures.

This meant that the output pressure of a diverter valve stage would
be lower than that of the previous staged diverter valve and so on
throughout the valve staging. With this in mind, and the fact that
the last stages of the diverter valve needed a high control pressure
mean relative to its supply pressure to maintain increased levels of
backpressure at the 1l00-percent flow diversion condition, the supply
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SCHEMATIC OF PDM DIVERTER VALVE TEST SETUP
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pressures to the diverter valve stages were also staged (as shown in
Figure 57) by Restrictor R; and R;. This action enabled each stage
of the bistable diverter valve to have higher pressure drops between
supply and output, which increased the flow amplification capabili-
ties of each bistable diverter stage.

The PDM diverter valve was installed in the test setup of
Figure 56 and staged to operate under the following conditions using
water as the working fluid:

L Pj = 20 psi (138 kPa)
P PSl = 5 psi (34 kPa)
PS - s, = 10 psi (69 kPa)
e 10 psi (69 kPa)
P e
_‘3_1_2-__2& - p. = 7 psi (48 kPa)
J
APc(max) = 2 psi (13.8 kPa)

Figures 59 and 58 show the unbonded PDM stack and a breakaway
view of the staged bistable diverter valve used in this test.

Visual observations were made of the flow patterns in the last
stage of the bistable diverter valve to determine if 100-percent flow
diversion was being achieved when the PDM was fully saturated. One-
hundred percent flow diversion was maintained in the diverter valve
when |APC| remained below 3.5 psi. (24 kPa), which was as expected

from backpressure characteristics (Figure 51) of the bistable
diverter. During this test, visual observation of the last stage
of the bistable diverter valve, while the PDM was operating under
unsaturated modulating conditions (IAPTemp‘i 2), indicated that the

bistable diverter valve was being driven by the PDM. Further
investigation of the diverter wvalve output pressures revealed that
the bistable diverter valve was not being driven adequately by the
PDM, in that not all the pulses transmitted by the PDM carried
through the bistable diverter valve. This problem can be corrected
by improving the flow staging of the diverter valves. No further
staging development was accomplished at this time.
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The flow efficiency of this valve concept is determined by the
ratio of the flow bypassed to pump inlet, to the supply flow to the
fluidic wvalve, where

W

k. 2
e (1 W;—) x 100 percent

However, if the PDM vent pressure (P can be maintained at the same
pressure as the supply to the last s¥age of the bistable amplifier
(PS ), as was the case during the PDM diverter valve testing, the

2

vent flow could be channeled through the last stage of the bistable

diverter valve without being bypassed to pump inlet. Thus, WBP would

be zero and the flow efficiency (n ) of the PDM diverter valve would
be 100 percent.

3.2.2.4 Conclusion of the Pulse Duration Modulation Diverter

Valve Testing - The PDM diverter valve can meet and exceed the flow
diversion requirement of the thermal control system. The bistable
diverter valve in this system is capable of diverting 100 percent of
the supply and control flow entering the last stage of the diverter
valve to either of the two flow paths (one to the cooling heat
exchanger and the other bypassing the cooling heat exchanger) if the
pressure drop across the cooling heat exchanger does not exceed
approximately 35 percent of the supply to off-leg pressure differen-
tial of the last stage in the bistable diverter valve. It also
appears that, with proper supply staging of the PDM diverter valve,
a 1l00-percent flow efficient system can be developed.
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

4,1 CONCLUSIONS OF PHASE I, TEMPERATURE SENSOR DEVELOPMENT

The orifice bridge viscosity change temperature sensor, when
operated with a noise-~free power supply, demonstrated the temperature
sensitivity required for operating a thermal controller. The output
of this device, with a noise-free power supply, is shown on Figure 3,

Two characteristics of the thermal control system affect the
performance of the orifice bridge temperature sensor to the extent
that it cannot meet the accuracy requirement of the thermal control
system. The characteristics that are involved are: the viscosity
properties of Freon 21 and the output characteristics of the Freon
power supply. For most cases, the Freon power supply is a centrif-
ugal pump that generates high~pressure fluctuations in the supply
flow. Because the orifice bridge temperature sensor is also sensitive
to supply-pressure fluctuations, this high-pressure fluctuation or
noise will carry through to the cutput of the temperature sensor.
The relative sensitivities to pressure and viscosity are such that
the viscosity changes over the range of operation cannot be
distinguished from the noise generated by the pump, even with the
use of the most effective means of noise attenuation.

There are, however, two possible soclutions that would make this
sensor acceptable for this range of temperature control in a system

of this type. Both of these involve the selection of the working
£luid. ’

By increasing the temperature sensitivity of the bridge circuit,
the noise generated by the pump would not be as significant, thereby
providing a higher signal-to-noise ratio and an acceptable tempera-
ture signal. The temperature sensitivity of the bridge circuilt is
due to the viscosity change of the £luid with temperature. Therefore,
by using a fluid with a greater viscosity change per temperature
change than Freon 21, the temperature sensitivity of the orifice
bridge temperature sensor would be larger.

The second solution would be to use a lower VlSCOSltY working
fluid such that the pump noise may be diminished by viscous force
that would become more prevalent. This characteristic was evidenced

when the orifice bridge circuit was tested with water as the working
fluid.
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The filled bellows-driven pin amplifier temperature sensor pro-
duced remarkable temperature sentivities. This temperature sensor
has been selected for use in Phase III of this program because of
its superior performance over the orifice bridge viscosity change:
temperature sensor. Temperature changes as low as 0.25F have been.

. sensed. The design of this temperature sensor provides the following
characteristics and options if desired.

a. Low sensitivity to pressure present in the
temperature sensing cavity

b. High- temperature gains can be achieved
C. Can be operated on a wide range o©f fluids

d. The fluids being sensed may be isolated from
the fluid in the pin amplifier

e. Wide range of set-point adjustability

f. The gain of the temperature sensor may be
widely changed by modifying the fluid in the
filled bellows and/or modifying the pin amplifier
design.

' g. Relatlvely low sen51t1v1ty to pump-generated
noise

4,2 CONCLUSIONS OF PHASE II, VALVE DEVELOPMENT
: Two valve concepts were developed in this phase of the program,
both of which were capable of operating in this system. However, the
pulse duration modulation diverter valve was selected for use in

the system because it exceeded all flow diversion requirements, had
the highest flow efficiency at the values tested, and is completely
flueric, having no moving parts. .o

The proportional-veortex combination mixing valve, which was
constructed and tested but was not selected for further implementa-
tion in the thermal control-mixing control system, easily satisfied
the flow nixing requirements of the system; however, the flow
efficiency of this valve concept was low. The low flow efficiency
was due to the flow efficiency of the proportional amplifier which
drove the vortex mixing valves. The vortex mixing valves operated
with full flow recovery. The flow efficiency of the proportional
amplifier was only approximately 15 percent. .
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The vortex mixing valve shows considerable promise for future
applications since the valve has no moving parts and attained 100-
percent flow mixing., For this valve to operate efficiently, the
device that drives the vortex valves must possess relatively good
flow efficiency so as not to deteriorate the flow performance of the
system as did the proportional amplifier used on the proportional-
vortex combination mixing valve concept.

The pulse duration modulation diverter valve performed with
95~percent flow efficiency and 100-percent flow diversion. The
flow diversion characteristic of the valve concept was found to be a
function of the back pressure applied to the diverter valve, as
well as the control-pressure level on the last stage of the :
diverter valve. In order to obtain a high back pressure capability,
the diverter valve required valve supply staging to maintain a high
control pressure level on the last stage of the diverter wvalve.
This allowed the diverter valve to be back-pressured to approximately
35 percent of the supply to off-leg pressure differential and to
maintain 100-percent flow divérsion capabilities. It should be
noted that, in this application, the back pressure is generated by
the cooling heat exchanger and the pressure drop across the cooling
heat exchanger will constitute approximately 18 percent of the Freon
supply {(pump outlet) to controlled temperature junction {mixing )
chamber) pressure differential (Refer to Figure 35). The PDM diverter
valve was designed to operate with a 20-psi (138 kPa) pressure drop
across the valve and cooling heat exchanger, of which 3.5 psi
(29 kPa) drop is due to the cooling heat exchanger. These operating
pressures were selected out of convenience; it is possible that
these operating pressures could be lowered by resizing and modifying
the PDM diverter wvalve circuit.

4.3 RECOMMENDATIONS FOR PHASE III

The filled bellows pin-amplifier tempetrature sensor and the
pulse duration modulation diverter valve have been selected for
coupling during Phase III. The designs of the temperature sensor
and valve will remain essentially the same as those tested during
Phases I and II. Additicnal hardware, such as filters and regulators,
will be required to provide proper protection and operation of the
control system. To protect the f£fluidics from contamination that
may occur in the system, 50~micron filters will be used in the
supply lines to the temperature sensor and valve. The design of the
entire system will require some form of regulation to maintain the
prescribed pressure drop across the PDM circuitry. The vent flow
of the PDM will be channeled through the last stage of the diverter
valve, which will allow the regulator to be of a relief type with
minimum parts and movement. This regulator will maintain pressure
drop across the PDM circuitry, as well as maintain supply pressure
to the last stage of the diverter wvalve.

-
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SECTION 5

* 'SCHEDULE AND COST SUMMARY

5.1 SUMMARY SCHEDULE

Figure 60 deplcts the estimated time schedule for various tasks
in the program.

5.2 PROGRAM COST

The Contractor has requested that Freon 114 (CClF - CClF3)
be substituted for Freon 21 (CHCL,) for the final testing under
Phase III of the subject contract. This. request -was prompted by
the cost increases of Freon 21 since the beginming of the contract.
At the initiation of the program, Freon 21 costs were $590.00 per
150-pound cylinder. The present cost. per 150-pound cylinder is
$1,950.00. ° . .

Phase III testing would require a minimum of two and possibly
three 150-pound cylinders. These cost increases, which were not
estimated at the outset of the contract, would create a contract
cost overrun. To prevent this cost overrun, the Contractor suggests
Freon 114 at a cost of $130,00 per 150-pound cylinder be substituted
for Freon 21. This substitution was selected based upon similar
viscosity, b01llng point and freezing point.- Since the temperature
sensor and mixing valve are not affected by viscous changes of the
fluid, the performance of the thermal m1x1ng control will be in-
significantly affected.

Figure 61 presents a comparison of estimated and actual program
-costs to the end of the reporting period.

. 5.3 ‘PROGRAM TIME EXPENDITURE

The total man-hours expended on the program to date are as
follows:

Engineering man-hours 1468
Laboratory man-hours 506

TOTAL 1974
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