	After two years of working with PVC in the construction of solid propellant rocket engines, it occurred to me the possibility of making an all PVC hybrid rocket engine. What motivated such an endeavor was:
· The versatility and availability of PVC. 

· That the pressure stress involved in hybrid systems seemed within the boundaries of PVC. 

· Of course, the challenge of trying something unusual and new. 

	An unavoidable question pups up: Why make a hybrid engine that is not reusable? Two answers come to mind:
1. Why not. 

2. Same reason one makes a non reusable solid engine. 

In reality PVC is cheap, easy to work and a good medium to learn.
If you need to know about hybrid rocket principles:
Hybrid Rocket Science
Univdersity of Illinois Project Prometheus - A Hybrid Rocket Motor
Perhaps some history:
Amateur Hybrid Genesis by Bob Fortune and Bill Colburn.

Based on previews work done on PVC engines, I decided that the prototype all PVC engine would be done on 1.5" schedule 40 tubing. After asking around for basic hybrid specs, I found out that a typical hybrid engine works within the following parameters:
1. Chamber pressure between 150 and 400 psi (10.34 and 27.57 bar) 

2. Oxidizer tank pressure between 460 and 1000 psi (31.71 and 68.94 bar) dependent on temperature (see table 3). 

Next I proceeded to calculate the structural properties of the 1.5" schedule 40 PVC I was intending to use. For this I used two methods:
1. A program written by Richard Nakka (casing.xls) 

2. A procedure outlined in John H. Wickman's book "How to make amateur rockets" Motor Structural Analysis - chapter 7 

Here are the results of both procedures.
From Harvel Plastics Inc. ( http://www.harvel.com/pipepvc-sch40-80-dim.asp ) I got this table:
PVC Schedule 40
 Nominal Pipe Size (in)
 O.D.
 Average I.D.
 Min. Wall
 Nominal Wt./Ft.
 Max. W.P. PSI**
 1/8
.405
.261
.068
.045
 810
1/4
.540
.354
.088
.081
 780
3/8
.675
.483
.091
.109
 620
1/2
.840
.608
.109
.161
600
3/4
1.050
.810
.113
.214
480
1
1.315
1.033
.133
.315
450
1-1/4
1.660
1.364
.140
.426
370
1 -1/2
1.900
1.592
.145
.509
330
2
2.375
2.049
.154
.682
280
2-1/2
2.875
2.445
.203
1.076
300
3
3.500
3.042
.216
1.409
260
3-1/2
4.000
3.520
.226
1.697
240
4
4.500
3.998
.237
2.006
220
5
5.563
5.017
.258
2.726
190
6
6.625
6.031
.280
3.535
180
8
8.625
7.943
.322
5.305
160
10
10.750
9.976
.365
7.532
140
12
12.750
11.890
.406
9.949
130
14
14.000
13.072
.437
11.810
130
16
16.000
14.940
.500
15.416
130
18
18.000
16.809
.562
20.112
130
20
20.000
18.743
.593
23.624
120
24
24.000
22.544
687
32.873
120
Table 1 
After plugging the numbers into the casing.xls spreadsheet The results were (Illustration 1):

On the other hand, according to John Wickman's book :"How to make amateur rockets"
Min. Wall Thickness = [(MEOP) * (Chamber Diameter)] / [ 2 * (Ultimate Tensile Strength)]
Where MEOP = Maximum Expected Operating Pressure
The Ultimate Tensile Strength for PVC = 5,000 psi (344.73 bar).
Moving the equation around.
MEOP =[ Min. Wall Thickness * 2(5,000) ] / Chamber Diameter
MEOP = [ 0.145 * 10,000 ] / 1.592 = 910.80 psi = 62.79 bar
All these numbers are indicative that the PVC engine chamber and oxidizer tank are viable.
The first part of the project then was to get a feel for the oxidizer and see how it behaved with different fuels, at the same time to learn how to prevent it from burning the PVC (which is frequently used as fuel in other systems).
Next, to pressure up a PVC oxidizer tank to see if it could hold.
Finally, to put everything together, perform a static test, evaluate the results and ....
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Fuel tests-- 
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illustration 2 - main gig
These are my first experiments with Nitrous Oxide so I set out to do some basic tests to get a first hand feel for the oxidizer and some hybrid rocket principles. Thrust was not intended here.
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illustration 3 - Setup for the tests. 
The two fuel formulations tested were: 
TEST 1
Epoxy 90%
 

Zn 10%
 

 

TEST 2
Epoxy 20%
 

Sorbitol 80%
Table 4
 

TEST 1
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illustration 4
Had problems casting the epoxy and Zinc mixture because of the compound being to fluid. Ignition was fast, exhaust dense and black
View video of test
exopy_zn_short.mov (1.03MB)
 

epoxy_zn_small.mpg (197 KB)
TEST 2
[image: image19.jpg]



illustration 5
Easy to cast because epoxy sorbitol mixture was pasty. Nice clean burn with virtually no visible smoke.
View video of test
sorbitol_epoxy_small.mov (905 KB)
sorbitol_epoxy_small.mpg (245 KB)
 

AFTER IMAGES
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illustration 6
Test 1 chamber exit area after 35 sec. burn. The grain was cast without insulation. Notice how the casing started to deform and burn from the heat transfer.
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illustration 7 
Test 2 chamber exit area after 60 sec. burn. On this test EPDM insulation was used between the casing and the grain. Notice there is virtually no deformation or burning of casing.
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illustration 8 
Test 1
Very noticeable smoke mark left on brick after burn, which suggests that combustion is incomplete and that the exhaust contains various long chained molecules. 
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illustration 9 
Test 2
Very faint smoke mark left on brick after burn.
 

These two tests gave me a good idea of how to fuel and ignite a hybrid, but did not tell me very much about the performance of the fuels, except maybe that sugar burns cleaner than plastic (epoxy).
The next step, run simulations of different fuels on propep using two constants: NOX as oxidant and O/F ratio of 7/1.
PROPEP is a program for those interested in determining the characteristics of different propellant formulations. A copy of it can be obtained here: http://sunsite.unc.edu/pub/archives/rec.models.rockets/PROGRAMS. 

Propep results
Fuel
Isp
Sucrose, Epoxy. Carbon Black
200.8
Sucrose 
194.7
Carbon Black, Epoxy
207
Epoxy, Zinc
207.9
Epoxy 
215
Table 5
These results do not show much difference in performance between one fuel and the other, specially for the purpose of the PVC Hybrid prototype for this project. For such a reason, a sucrose (table sugar), epoxy, carbon black formulation was decided on, based primarily on the fact that it seams to be a cleaner and friendlier fuel.
On the same note, Hans Olaf Toft says:
"I have always thought that some kind of sugar filled polymer would be a good candidate for a hybrid propellant for the following reasons:
1. high energy content 

2. The fact that KN/sugar propellants burn so readily while KN/HTPB or epoxy or whatever polymer binder needs a fair amount of help to burn suggests that the obtainable regression rate for sugar hybrids should be fairly good. I also think that carbon black or another opacifier would further increase regression rate. 

3. Sugar is inexpensive and non toxic. 

The amount of smoke generated by Your epoxy+zinck experiment suggests that combustion is incomplete and that the exhaust contains various long chained molecules, while the clean sugar exhaust consists of smaller molecules."
Thus the final formulation for the fuel is:
Table Sugar
75%
Carbon Black
5%
Epoxy
20%
Table 6
 

| Intrduction | Oxidizer | Fuel | Tank | Assembly | Test Stand |
| Static Test | Results | News | Post a Message | Links | Spanish |
| Send mail here |
Contents of these web pages are presented for informational and educational purposes only. Author of this web site disclaims any liability for the use readers make of the information presented herein or for damage caused by hardware resulting from information contained within these web pages.
  [image: image24.png]


[image: image25.png]





[image: image26.png]


 

 

 
[image: image27.png]ﬁm

by Alberto Gassol





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/index.html" 

 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/oxidizer.html" 
[image: image29.jpg]Oxidizer / NOX





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/fuel.html" 
[image: image30.jpg]Fuel / Sugar





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/assembly.html" 
[image: image31.jpg]




 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/test_stand.html" 
[image: image32.jpg]Test Stand





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/static_test.html" 
[image: image33.jpg]Static Test





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/results.html" 
[image: image34.jpg]




 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/news.html" 
[image: image35.jpg]




 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/positt.asp" 
[image: image36.jpg]Post a Message





 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/links.html" 
[image: image37.jpg]




 HYPERLINK "http://www.intertlan.com/cohetes/hybrids/intro.html" 
[image: image38.jpg]En Espaiiol





	[image: image39.jpg]



	  [image: image40.png]


[image: image41.png]



Oxidizer tank pressure test 
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Illustration 9 - Full tank view
The idea behind this test was to bring the tank to full pressure, maintain the pressure for a few minutes to see if it would hold and to learn the venting process when filling the tank with nitrous oxide.
The tank is all made from 1.5" (38.1 mm) by 18" (0.4572 m) Sch 40 PVC except for the injector and venting valve. The pressure gauge is being used only for static tests as a means to evaluate the data
PRESSURE AND VENTING TEST
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Illustration 10 
The tank was filled two times to a pressure of 550 psi or 37.92 bar at an ambient temperature of 59 fahrenheit / 15 celsius, on both occasions it was left standing for two minutes before releasing the gas and in both cases there was no sign of failure.
[image: image44.jpg]s
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Illustration 11 
I had read about the white plumb of liquid NOX indicating that the tank is full, and how it happens a few moments after the tank reaches peek pressure. Here is a video that shows just that.
flowvent.mov (798 KB) flowvent.mpg (210 KB)
 

OPERATION TEST
[image: image45.jpg]ol
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Illustration 12 
This is the moment when the pyro charge ignites by the injector releasing the oxidizer. This test can provided information on injector flow rate and duration of operation. See video for more details.
blowout.mov (740 KB)
blowout.mpg (180 KB)
 

TANK CALCULATIONS
Diameter = 4 cm
height = 45.5 cm
Volume = 571 cm^3 = 0.571 L
Density of NOX = 770 Kg/M^3 = 0.77 Kg/L
Oxidant weight = Tank Volume X NOX Density
Oxidant weight = 0.571 L X 0.77 Kg/L = 0.44 Kg
Table 7
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	The combustion chamber is made of a 18" (0.4572 m) long, 1.5" (38.1 mm) wide schedule 40 PVC tube, insulated on the inside with EPDM rubber. The fuel grain is .25" (6.35 mm) thick with a 1" (25.4 mm) core.
The nozzle is made with fast setting anchoring concrete and metal washer inserts to minimize erosion. The technique used is based on a method by Dan Pollino, Inverse Engineering.(There is a new ceramic nozzle just developed for this engine. The Ceramic Nozzle for PVC Rockets).
The engine is glued together using Purple Primer and PVC gray cement. Caution should be taken when gluing the parts together due to the fact that you only have one opportunity at it. Once glued there is no turning back (a major drawbacks of non reusable systems)
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Illustration 14
Before gluing the oxidizer tank to the combustion chamber, the fueling line needs to be installed on the injector and tested for leaks, you don't want to find out there is NOX escaping after the units are glued (see test2).
[image: image50.jpg]



Illustration 15
Same goes with the igniter (seen here on its mold), it needs to be installed before any gluing takes place.
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Illustration 16
The above image is not to scale
	Chemical Name:
	Nitrous Oxide

	Formula:
	N2O

	Chemical Family:
	Oxidizer

	Use:
	Medical, industrial, food industry

	Synonyms:
	Dinitrogen monoxide, laughing gas, nitrogen monoxide, nitrous oxide USP

	Warning:
	High pressure oxidizing liquid and gas.Vigorously accelerates combustion.Can cause rapid suffocation. Can cause anesthetic effects.May cause frostbite.

	Auto ignition
	Nonflammable.

	Fire And Explosion Hazards
	Most cylinders are designed to vent contents when exposed to elevated temperatures. Pressure in a container can build up due to heat and it may rupture if pressure relief devices should fail to function.

	Storage
	Do not allow storage area temperature to exceed 125°F

	Handling
	Keep cylinders and their valves free from oil and grease. Open valve slowly. Never strike an arc on a compressed gas cylinder or make a cylinder a part of an electrical circuit.

	ECOTOXICITY
	No adverse ecological effects are expected. 

	 

	 


	More information: http://www.iigas.com/nitrous_oxideMSDS.htm
http://www.concoa.com/frames/technical/gases/nitrous.htm
http://www.aeroconsystems.com/tips/Nitrous_properties.jpg

	Table 2


	


 

	THERMODYNAMIC PROPERTIES OF SATURATED NITROUS OXIDE 

	TEMP (C)
	TEMP (F) 
	PSI 
	BAR
	DENSITY kg/M3 

	0
	32
	460
	31.71
	913.1

	4.4
	40 
	520 
	35.85
	876.2 

	10
	50 
	590 
	40.67
	837.8 

	15.5
	60 
	675
	46.53
	788.1

	21.1
	70
	760
	52.40
	744.9

	26.6
	80
	865
	59.63
	640.7

	36.1
	97
	1069
	73.70
	434.5

	Table 3


	 

Some cool stuff on NOX:
· Very human friendly unless you inhale it. It is a powerful anesthetic. 

· NOX is readily available from many sources. 

· NOX has to be raised to a moderately high temperature before it will decompose and release its oxygen. Very good from a safety point of view. 

· NOX is not cryogenic, it can cause frostbite but not burn (freeze) your skin on contact. 

· NOX Hybrid Propulsion Systems are inert-till-fueled, the engine is totally inert up until moments before testing. 


 Early in the project, I had the dilemma of how I was going to test the engine since all of my previews static tests had been done with the engines upside down (nozzle up), this didn't seem likely to be easy in a hybrid. So I had to design a Test Stand from scratch. The final design called for an upright engine and a hydraulic load cell to measure thrust.
The hydraulic system is based on the $15 Motor Test Stand by Charles Barnett, which by the way is made from PVC.
[image: image52.jpg]



Illustration 17
There are two ways to calibrate the load cell and both should give the same results:
· Put a known weight on the cell and take note of the reading on the gauge, then find the factor that will make both numbers equal e.g. 

Known Weight = (Gauge Reading) * (Factor)
Example. My daughter's weight is 57 pounds, when I put her on the cell the gauge read 35 pounds so the factor is
57 pounds = 35 pounds * 1.628
Force = 1.628 Pressure
· Measure the diameter of the cylinder bore in the hydraulic load cell to get the area of the piston which is then the factor since F = P * A where P = measured hydraulic pressure (psi or N/mm2 ) and A = cross-sectional area of the cylinder bore, A = pi/4 D^2 ( in2 or mm2 ). 

Example. The cylinder on the hydraulic load cell from the stand (above image) has a diameter of 1.42 inch, giving a cross-sectional area of 1.58 in2, 
thus F = 1.58 P (force in pounds, pressure in psi). 
Notice how both results are very similar.
For more on the subject of hydraulic load cells go to Richard Nakka's Hydraulic Load Cell for Thrust Measurement
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Illustration 18
The pressure gauge is setup in such a way that on a close up of the dial, the nozzle area of the engine is visible on the side of the frame. This permits a better evaluation of the test.
[image: image54.jpg]



Illustration 19
In this manner, one can compare peek movements of the dial with exhaust bursts.
This next picture is the actual moment of thrust.
[image: image55.jpg]



Illustration 20 


And here is the video:
pvchybrid.mov (581 KB)
pvchybrid.mpg (106 KB)
pvc_hybrid.mpg (1,629 KB)


Static Test 2 (April 18, 2003)
Static Test 3 (June 6, 2003)


 

 

	The test was performed on 03/19/03 at around 10:30 am on a perfect spring day ( though it still wasn't spring). In general terms the test was very successful. Here are some field notes:
· Clean spontaneous ignition 

· Burned less than expected 

· Nozzle failure 

· Chamber performed well, cool to the touch 

· Test stand worked as expected 

· Hydraulic load cell as expected 

· Video registry good 

The video was digitalized and analyzed frame by frame to gather the data. The results can be seen here:
pvchybrid.xls
This next image is from such a document:
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Illustration 21
Total Impulse = 654 NS
Class J engine 


Nozzle failure clearly seen here
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Illustration 22
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Illustration 23


Chamber performed well.
The image below shows the chamber split in two at he middle with the fuel grain hardly burned. The idea of exaggerating the grain thickness was to protect the casing from over heating, this of course at a cost in mass fraction. Hybrids use an oxidizer to fuel ratio of 7:1, if the tank has a capacity of 440 grams then the fuel should have been around 63 grams. On this engine the actual grain was close to 450 grams. On a flying engine the fuel mass will need to come down.
The only reusable part on this engine is the injector.
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Illustration 24
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Illustration 25


After thoughts:
When comparing the actual burn time (approximated 2.6 sec) to the 4.5 sec seen on the operation tank test video I wonder if on the test stand the oxidizer tank was filled to capacity. This would explain the difference. Next time I will have to pay better attention to the NOX filling process.
The nozzle can definitely be improved, I am currently working on some ideas for future test.
Overall I think that the PVC engine is viable and can still be improved significantly.


Static Test 2 (April 18, 2003)
Static Test 3 (June 13, 2003)


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

