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Introduction

This project will focus on one small subsystem of a much larger system, which is an Oxygen/Paraffin Hybrid Rocket motor that is currently being developed by the Portland State Aerospace Society [1].

The aim of this project will be to measure the pressure across a flat-plate metering orifice and use this information to calculate the mass flow rate. This information will then be used to control the oxygen feed regulator to achieve the desired mass flow rate.

If precise control of the mass flow rate through the metering orifice can be established then it would stand to reason that we would be able to monitor and control the exact amount of oxygen that would be entering the combustion chamber of the hybrid rocket motor and reacting with the paraffin fuel.

This would be a desirable situation because it would allow us the eventually characterize the performance of the motor and evaluate oxygen and paraffin as a hybrid motor oxidizer/fuel combination. 

The hybrid motor plumbing system, including the pneumatic and electrical control systems, is shown in the following figure. 
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The highlighted section of plumbing will be removed from the system and modified to develop a proof-of-concept apparatus that will be different from the final in-situ hybrid motor system in the following ways:

1) High-pressure oxygen will not be used, but instead low-pressure air or nitrogen.

2) Upstream pressure will not exceed 50 PSIG.

3) The high pressure Tescom 44-1116-24 regulator will be replaced with a lower pressure Smith inert-gas regulator

4) A manual ball valve will be placed on the outlet to simulate a slowly rising or falling chamber pressure.

Approach:

Goal

The goal of this experiment is to measure and control the mass flow rate of a compressible gas across a “choked” flat-plate metering orifice.  Our desired mass flow rate may be either a static set point or a slowly time varying flow profile of our choosing.

Illustration of Control Loop

The control loop, shown in Figure 1, comprised of two pressure indicators, a flow valve, a driver, the driver’s controller, the data acquisition card and the CPU.  The pressure indicators and flow valve are directly mounted to the system.  The driver is connected to the flow valve through a mechanical link with a 30:1 gear ratio.  All other connections are through electrical signals.
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Figure 1.  P&ID of System

Calculations
At the heart of the VI is the calculation to determine whether the flow through the flat plate orifice is choked [3]. Equation 1, states that to achieve choked flow through the orifice the ratio of pressures must be 0.528, taking the ratio of specific heats γ for nitrogen equal to 1.4. 
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Equation 1
To determine the mass flow rate the density of the gas just upstream of the meter needed to be calculated.  Treating nitrogen as an ideal gas the density can be found using Equation 2.
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Equation 2
In Equation 2, P is the pressure as read by the upstream transducer, R is the gas constant, and T is the temperature of the nitrogen (taken to be 460 °R).  

With a known density and volumetric flow rate it is possible to determine the mass flow rate through the meter using Equation 3 [6].
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Equation 3
In Equation 3, β is the ratio of the meter’s diameter and the pipe diameter; A is the cross sectional area of the meter; and CD is the discharge coefficient taken to be 0.6 for this set-up.

Design and Testing of the Hardware
The hardware consists of three primary components: 

1) Adjustable pressure regulator 

2) Metering orifice 

3) Pressure transducers

These components have been removed from the original hybrid motor test stand [2] and have been adapted for our purpose.

Design Theory

The mass flow rate across the metering orifice will be calculated by using compressible flow theory [3] to insure we are in the regime of choked flow. Choked flow will be insured when the ratio of the downstream to upstream pressures is approx. 0.528. Placing pressure transducers immediately up stream and down stream of the orifice and continually monitoring the transducers outputs will check this ratio.

Using the ideal gas law we can calculate the actual mass flow rate for a given upstream pressure as well as knowing the pressures across the metering orifice. From this information we will then be able to adjust the pressure regulator feeding the system up or down depending on whether we are above of below our choked flow conditions. The regulator will be driven by a stepper motor coupled through a gearbox to generate the required torque to turn the regulator.

Implementation

The Pressure Regulator

The pressure regulator is a Smith pressure regulator.  A T-shaped knob normally controls the outlet, or 2nd stage of the regulator. The output shaft of a 30:1 gearbox that is driven by our 1.8 deg 12VDC stepper motor replaced this knob. 
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Figure 2 Pressure regulator/stepper motor interface
The stepper motor is controlled with a STP unipolar 7-18VDC stepper motor controller.  [4]. This driver accepts a serial input from a typical PC RS-232 serial port and will spin clock wise or counter clockwise depending on the character string that is sent to it over the serial line. 
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Figure 3 Stepper motor, gearbox and Controller

The Metering Orifice

The metering orifice is a simple flat-plate style orifice made of 6061 T6 aluminum. There is a 0.056” holed in the center of the plate made by a #54 drill bit.  The following illustration shows a series of three different size metering orifices and the plumbing adapter in which they are mounted.
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Figure 4 Metering orifice and associated plumbing

The metering orifice and adapter is then mounted inline with the rest of the hybrid motor plumbing.  Two 0-2000psi, 4-20mA output, pressure transducers are then tapped inline with the plumbing. The transducer upstream of the metering orifice is at least one tube diameter away from the orifice and the downstream transducer has be place at least one half of a tube diameter away from the orifice so as not to be effected by the Vena Contracta.

The Pressure Transducers

The pressure transducers used were a matched set of Barksdale model 405 transducers [5]. Not much was known about this transducer besides the simple data sheet provided. We needed to generate calibration curves for each sensor. Using an Ashcroft Dead Weight Tester to apply static pressures between 25-2000psi on the transducers and then recording the corresponding voltage output accomplished this.
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Figure 5 Calibrating pressure transducers with Dead Weight Tester

The transducers needed a 12-47 VDC supply in order to generate the required 4-20mA output signal. This current output then needed to be run through a 249-Ohm precision resistor (+/- 0.1%) The corresponding voltage drop across the resistor was then measured using a differential input channel on a National Instruments PCI-1200 DAQ card. For a complete breakdown of signals see appendix B.
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The following Labview .vi was used to capture the pressure vs. voltage curves:

Front Panel

[image: image14.png]o

I

Transdcer Output

Input Pressure
(from DeadweightTester)

o

Acquire Singls Sample

200m 400m  600m  GDOm 1000
Tine

ean vokge 50000 |





[image: image15.png]o]
[ At Sorcd -
5D (from Deadveight Tester)

Pimber of sampies (T 5
E==l anadice ota] S— |
ootz

10000.00 cauire Single Sanpie]
Eepend to 7]

[ECriDocuments and SetfingeiphybridiDeskic

o]





With this .vi the following data was captured and plotted from the transducers.
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The data for three trials on each transducer was plotted in Excel. Performing a linear curve fit to the data produced the required equations for the control loop that will be implemented in Labview.  These equations will calculate the mass flow rate and determine whether the regulator output pressure should be increased or decreased.

Design and Testing of Software:

Documentation

The VI to control the flow rate through the flat plate orifice is comprised of a sequence of three phases.  In the first phase, the regulator is opened up to a targeted pressure.  Once this targeted pressure is reached the second phase focuses on maintaining choked flow while computing the mass flow rate through the flat plate orifice.  Finally, in the third phase the VI turns the regulator off.

In all three phases a sub VI for the stepper motor control is used.  This VI is shown below in Figure 6.
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Figure 6.  Stepper Motor VI

The stepper VI cycles through the firing sequence of the stepper controller.  The inputs for the VI are; Number of steps, delay between steps, and the direction the motor should turn.

The initial phase, dedicated to bringing the regulator pressure to the target starting pressure, is shown in Figure 7.  The VI accomplishes this task by converting the voltage from the first transducer into a pressure and comparing this to the target.  If the value is less than the target, the stepper motor moves through 100 steps.  This is repeated until the system pressure reaches the target pressure.

The third phase of the VI performs the same task in reverse, depressurizing the system with a target pressure equal to zero psi.

[image: image19.png]DAQ Assistant

data

P1 =505,52%ne-
S10.45;

i (P1<sp)
steps = 100;
eke





Figure 7. Pressurizing
The critical section of the VI is in the second phase, shown in Figure 8.  It is here where the pressures are measured, compared, displayed, and controlled to maintain the choked flow criteria.  The mass flow rate is also computed and displayed here.
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Figure 8.  Pressure Control.

In this phase the VI collects the samples from the transducers and splits the signal into voltages one and two.  These two voltages are converted into pressures and the mass flow rate of the gas through the metering orifice is determined in the first of two formula blocks.  After pressures one and two are determined their ratio is taken and compared to the ratio determined to produce choked flow.  It is in the second formula block that the VI uses these pressures and whether or not their ratio is greater than or less than the target ratio to determine the number of steps the motor should turn and in what direction.

Calibration

To determine the sensitivity of the system pressure to the number of steps turned by the attached stepper motor another VI was created to turn the regulator while measuring the pressure.  The data was written to the excel file used in generating Figure 9.  Using this information it was found that approximately 350 steps were needed to produce a 1 psi pressure change.  This value is given the variable name ‘nsteps’ in the VI and is used in determining the total number of steps the motor should turn.
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Figure 9.  Pressure vs. Iteration

Front Panel

The front panel for the VI, meant to resemble the test apparatus, is shown in Figure 10.  The panel consists of the two pressure transducers on either side of a flat plate orifice, a flow gage, control parameters for starting pressure and stepper motor delay, an indicator letting the user know whether or not the flow through the orifice is choked, and a stop button which will stop the metering and turn the pressure down.
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Figure 10.  Front Panel

Conclusion

When the system is run we see that it functions as expected.  With the outlet valve closed, to prevent flow, a given set point (in psi) is entered, the controlling .vi is in its ‘initialization mode’ and the stepper motor will adjust the regulator so that the set point pressure is present at the upstream transducer.

Once this set point pressure is established the controlling .vi will switch to a ‘control mode’ where it will attempt to maintain choked flow.  When the outlet valve is cracked open and gas is allowed to flow the downstream pressure transducers value falls and the control .vi begins actively trying to maintain the choked flow ratio 0.528.

This can bee seen by viewing the control handle on the regulator.  It will turn either clockwise or counter clockwise to try to maintain this pressure ratio.  The system response is slow but it eventually will achieve choked flow and maintain it, as indicated on the .vi front panel. We have done this repeatedly with set point pressures varying from 20psi to 50psi.

Our system is limited to a maximum input pressure of approximately 55psi due to the range of the Smith regulator and the maximum torque that can be produced by our stepper motor and gearbox combination.  This range is acceptable for a proof-of-concept device and is preferable from a safety standpoint for testing.
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The system is ‘shutdown’ by pressing the stop button on the front panel.  The .vi will tell then rotate the stepper motor counter clockwise to back off the regulator until the pressure on the upstream transducer reads zero.

This ‘shutdown’ function performed as expected and reduced the pressure of the system to zero. 

Area for Improvement

The biggest deficiency in our proof-of-concept is its response rate.  The underpowered stepper motor is only capable of making a change in the upstream pressure of 17psi per revolution. A good next step would be to purchase a larger motor (possibly a DC servo motor) to decrease our response time then consider using a PID controller to get an optimal response.

The system has proven to be possible as well as useful and will be incorporated into the actual static test fire hybrid motor over the next few months.
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APPENDIX B  - Signals

	Name
	Input Range
	Output Range
	Accuracy
	Isolation Requirements
	Excitation
	Notes

	
	
	
	
	
	
	

	Barksdale A (pressure transducer)
	0-2000psi
	4-20 mA
	+/- 0.25% FSO
	Current output less sensitive to noise but used shielded twisted pair for leads between sensor and voltage dropping resistor.
	12-67VDC
	Model 405

Input signal to DAQ card: 0-5 VDC

	Barksdale B (pressure transducer)
	0-2000psi
	4-20 mA
	+/- 0.25% FSO
	Current output less sensitive to noise but used shielded twisted pair for leads between sensor and voltage dropping resistor.
	12-67VDC
	Model 405

Input signal to DAQ card: 0-5 VDC

	Serial A
	One way, From PC to controller
	+/- 15 VDC
	Digital –w/parity check
	Used standard RS-232 shielded serial cable
	
	9600 baud


APPENDIX C  - BOM

	Name
	Model
	Cost

	
	
	

	1.8 deg 12VDC stepper motor
	Unknown
	Free –from scrap Epson stylus printer

	2 pressure transducers
	Barksdale 405
	$5.00 - Ebay

	Stepper motor controller
	STP
	$40 (property of PSU)

	249 Ohm resistors
	Precision +/- 0.1 %
	$5.00
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