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Soda-Bottle
Water Rockets

By David Kagan, Louis Buchholtz, and 1ynda Kiein

t's hard to beat the fun of iaunching water rockets on a warm summer day.

Of course we are not the first physics teachers to discover thig basic fact.h?
To be sure, Jaunching smali toy-store rockets may lack sufficient excilement, since
they rise onply five to ten meters into the air and produce a very modest amount of
back spray. But the concept is so agtractive that we designed a weli-controlled,
inexpensive, and rather high-performance method for launching 22 plastic soda
botties that rise 20 or more meters into the air and spray about one liter of water.

Ir the process of studying these rockets we discovered that their launch can be
modeied by & wonderful physics problem that illustrates Newton's second faw, the
concepts of momentum and relative velocity, fluid flow using Bernoulli’s principle
and the equation of continuity, and the adiabatic expansion of an ideal gas. In
addition, the resulting equations of motion for the rocket, like mast “reat-world™
problems, cannot be sofved analytically and therefore reqitire a numerical solution.
In this case we used a spreadsheet program. The predictions of our model seemed
unbelievable, The rocket should reach speeds well in excess of 156 mph in less
than the first two meters, which it covers in one-tenth of a second? Accelerations
would be in excess of 100 g'st We were 5o amazed by these numbery that we were
motivated to check their validity experimentally,

We have tested the predictions of our launch theory by studying the motion of
the rackets with two methods. First, we actually photographed a launch with a
high-speed camers. This method proved effective but toe difficuls and expensive
10 use for a systernatic study, so we switched to using 1 “Smart Pulley” 10 collect
ogr data.

I this paper we first discuss the construction of the 2-4 plastic soda-botle
rockets and then present our theory of their motion duging launch. Finally, we
compare the predictions of our mode} with aciual experimentat data,

Counstruction

Adevice to launch 24 plastic soda bottles can be easily and inexpensively built
The basic design consists of two components. The first part 15 the plianbing o seal
the bottle while still allowing air inside 10 pressurize it. Figure | shows both an
expioded view and a compiezely assembled unit. To make the gaskes and 1o get &
valve stemn, ask for an oid inner tube at your iocal bike shep. A well-stocked
hardware store will be able 1o supply the remaining parts: two half-inch PVC
nipples {four to six inches long), 4 half-inch PYC thveaded ¢lbow, and a drip
irtigation dripper (Rainbird #PC8100 or equivaleat}, The final picce of plumbing
is a CPVC half-inch pipe to half-inch slip consector {Genova #50363 or equiva-
tent}, which is threaded on one side and has a hole for the valve stem on the other.
Tf this part is hard to find, you casn just use & haif-inch PVC threaded end cap and
drill 2 hole in it for the valve stem. You will alse need & litde bit of PYC glue and
perhaps some Teflon 1ape for the threads. '
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Cut off one end of one of the nippies. The Iength of titis ins the end cap, Thread ait the
nippie is not critical, anywhere around 4 in is fige. Ream out pieces together and piace the
the cut-0ff end of the nippie anti] the dripper fits snugly in gasket over the dripper ©
the hoie, glue it in place with PVC glue, and let it thoroughly compiete the plumbing.
dry. Cut the gasket out of the oid inner tube. ks diameter The second compenent
shoutd be .25 in, with a 3/32-in hole in the center. Cut the is the launch pad that holds
valve stem from the tube so that it fits snugly through the hole the bottle in piace while it

. is pressurized and releases
the rocket whent you are
ready. The chespest and
simpiest version is showsn
in Fig. 2. §t is built from
scrap wood, a bent coat
hanger, and a gicce of
string. You wilt need a dxill
1o make the necessary
s i e 245 e T 3 ok i
heightofthe 2x&'sandtht  yyutem ia m, and ithas 2 valocity
location of the guide holes v The netforce on the system in
for the coat hanger depend 1St He weight,
on the beight of the plemb.
ing assembly. We screwed
the pieces of wood together
for added srength, R is im-
Fig. 1. Expioded and asasmbled views of plumbding unit, portant that the 2 X 4s on

either side of the bottle cre-
fop view ate a ight fit. Also, the coat
hanger should make a tight
fit just above the heavy
plastic ring o the neck of
the bowtle. This ring rests
against the cout hanger as
the rocket is pressusized.
The third 2 X 4 stops the
coat hanger from flying to-
ward you after fauach. The
heles in the base are for
fastening it to the grosud
with stakes.

We found that it was
casiest to stazt by removing
everything from the lavnch
pad and attaching the
plumbing te a bike pump,
Then we turned the piumb-
ingoverand insented itinto  Fig. 4. Water rocket just after am
e upsight soda botiie that 8 sjocted. The sjacind water has
was about half-filled with 5 ke S0 and 8 40ed % The

water, Next, we r2ised OF g ngite spoed changes by A,
towered the plumbing wntil

the gasket seated. Then we

flipped the whole apparatus over, placed it inte the launch

pad, slid the coat hanger over the plastic ring, and pumped

up the pressure. A sturdy tug on the string starts the fua,
Safety is extremely important. We have heard anecdotal

reports of serious injury caused by prematire launch of these
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Fig. 2. Top and side views of a basle lsunch pad.
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witer rockets. We suspect
that this is the reason thata
comumercially availabie
iauncher is not ¢n the mar-
ket These soda boules are
designed to minimize law-
suits against soft-drink
manufacturers, so they
seetn to present little dan-
ger of exploding. We have
used the same bottie many
tens of times at gauge pres.
sures from 50 to 126 ps;
without the bottle ruptur-
ing. We don't know what
happens at higher pres-
sures and we discourage
you from stiempting io
find out. During their de-
scent the boliles aren’t
worth much concern be-
cause they are light and
gently fali down soward
Earth. They are a serious
threat only while they are
pressusized before faunch
and as they gain speed, but
stili have some mass right
after isunch. To aveid
ouble before launch, be
sure your launch pad is
sturdy enough (o withstand
the pressure. Stake the
lasnch pad into the ground
so that # can'l tip over
when you paili the string. Stand away from the iaunch pad
when you pump up the pressure and he sure nobody is
anywhere near the pad when you launch the rocket. We
recomamend that you do 5ot leave students unatiended while
using these water rockets.

We gruarantee that you will be thrilled as you try to wach
your first fauanch. The bottle will simply vanish from the pad,
water will rain down from great heights, and you will, with
gotne effort, finally spot the rocket between 28 and 30 meters
above your head geatly drifting downward. As it slowly fafls
back to Earth, you'# be in a hurry to try it again.

Theory
The motion of 2 water tocket during launch ¢an be under-

sood by applying Newton's second faw, LF = %{.E Figure 3
shows the rocket just before it gjects some water lts initial
momentam i$ p; = mv, where v is its initial velocity and m is
the total mass of the boitie and water, Figure 4 shows the
system just after it ¢jects 3 small mass of water, Am, at a
speed, v The velocity of the bottie has changed by 4y, sothe
system sow has a final momentur: of
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By (m~ém}{v+Avj-amv{

Since the only foree on the system is the weight of the bottle
and water, the second law requires

(m - Am) (v + Av) ~ {Am) Ve mv
&

“irg =

Doing some algebra, and neglecting the AmAv terma because
it is semall, yields

mAv — {&m} v+ vé

—mg Ar

Solving for the change in velocity of the rocket, Av, gives

Av -—gA:+uéﬁ
”

where # is the relative velocity of the ejected water with
respect 10 the rocket, ¥ = v 4 v Note that Am = pAVand m
=p V,, + m, where p is the density of the water, AV is the
change in volume of theé air in the rocket {or eqmvaécntly the
change in volume of the water in the rocket), ¥, is the volume
of waler remaining in the rocket, and », is zhc mass of the
empty rocket, Using these quantities,

_ AV (1
av gAt-f-u{pV «Ha}

The veilocity of the rocket can be found once the veloeity
of the giected water with respect 20 the meket is known. The
sigplest maode! of the flnid fow i the rocket treats the rocket

velocity of the rocker (m/s)
¢

L

o 002 Py 0.06 P
e {5}
Fiy. &. Volocity of the rocket va time {m = 48.8 g, Or = 11,0 ¢m,

= 2,15 ¢m, Ve 2.08 & Inltiad yolume of watsr is 0.70% initlal gauge
prasasre g 80 pel).
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Figy. 7. Hoight of the rocket ve tine {(m= 48.4 g, D, = T1L.0cm, On
=2.15 cm, ¥y 2,084, the initlal volume of water I3 1.7¢ 8 and the
Initiat gauge prossure Js 80 pai)

like 2 pipe with water flowing through it. This flow is then
described by Bemnoulli's equation,

%pbz‘ﬁf’ = %puzé-Pm

The quantities in this equation are showsn in Fig. 5. P is
the absoliste air pressure in the yocket, ¥is the volume of air
in the racket, v is the velocity of the water in the rocket, D,
is the diameters of the rocket, p is the density of the water, D
is the diameter of the hole through which the water escapes,
Puom is the atroospheric pressure, and finally, « is the quantity
we seek, the velocity at whith the water is ejected.

Both z and v are related to the rate at which the water
escapes or equivalently the rate at which the volume of the
air increases. This relationship is given by the eguation of
cominuity,?

AV} Uk &
A ;z“W?ﬁ = 31"‘-0‘3
Solving for ¢ in terms of u and substituting into Bernoulii's
equation yields an expression for the velocity of the ejected
water,

The pressure in the rocket during launch varies with the
voltswe of the air inside. The bottle, when it returss to the
ground, often contains a fog from condensation of water
vapor. This implies that the air inside must have cooled as it
expanded. [n addition, our resulss indicate that the gas ex-
pands in a very short time, which leads us to suspect that heat
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has po titme to flow into the rocket. We therefore assume thas
we are dealing with the adiabatic expansion of an idea gas.®

A
P”‘%'V

whate P, is the initial absolute pressure in the rocketand V,
is the initial volume of air in the rocket. For air, which can be
considered a diatomic gas, Y = 1.42 The velocity of the
ejected water can now be written as 4 function of the volume
of air remaining inside the rocket,

£3)

The velocity of the rockes, v, as a function of time, ¢, can
be found by the following numerical steps. We assume that
y=0art=0.

i, Fied values for:
P,—he initial absolate air pressure in the rocket {<133 psi}.

%

S avivand

Drétnoun vedocizy {mis}

P P PA 190 12
wtal pmgr e )
Flg. 8. Burnout veioclty ve inllial gauge pressure {m = 48.4 g, Oy

=110 cmy, Dr=2.45 cm, Yoz 2,088 and the Initial volume of water
s 0.2
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pthe density of water (1000 kgin®).
¥, the iritiat volume of sir in the rocket (02 8).
P pppthte almospheric pressive (= 14.7 psi).
Dy the digmeter of the hole (» 2.15 cm).
D, wthe digmeter of the rocket (w 11.9 em).
m—the mass of the cmpty rocker {« (.0484 kg),
V,—the total vehiurme of the mocker (= 208 8),
Naote our typical values in parentheses.
2. Choose a small increment of the volame of air in the rocket, AV,

1o use for the iterations {G.01->0.03 &,
3. Calculase the value of u for the current valoe of Vasing Eg. (3),

4, Calmﬁm%using Eq. {2) and divide the result into AV 10 gey

the time increment. Then updaie the Hme.

5. Calculate the amount of water remuaining in the nxket, ¥, by
subtracting the voiume of the air, ¥, Som the volume of the
rocket, V5,

6. Calculate the change in the velocity of the rocket using Eq. (1)
and 15 it 5o update the surrent velue of the velocity.

7. Increment the volurme by AV and update the current valie of the
volume, V.

8. Repeat steps 3 tdwough 7 untif the volume of aiy, ¥, matches the
volume of the rocket, ¥s.

These types of numerical calculations are most easily
performed on spreadsheet programs. Qur spreadsheet con-
sists of cofurns for the volume of air, V, the rate &t which

. LA
this volume changes, 9&, the time, £, the velocity of the water,

4, the velocity of the rocket, v, and the height of the rocket,
For an initial volume of water of 0,70 Land an initial gauge
pressure of 80 psi, the graphs of the velocity of the rocket as
a function of time and height of the rocket vs fime are shown
in Figs. 6 and 7. The predictions are shocking! When the
rocket expels ali its water {“burnout”} it shoutd reach a speed
of 76.3 m/s {17} mph} in 2 tizne of oaly Q070 s during which
time it will cover §.86 m. This is an average acceleration of
11 g's.

We produced curves of burnout velocity vs initial gauge
pressize (Fig. 8), burnont velocity vs initial volume of water
(Fig. 93, burnout height vs initial gauge pressure (Fig. i0),
and burnout height vs initial volutme of water (Fig. 11). These
curves make many interesting predictions. The highest burn-
out veiocity is achieved with = 0.7 of water, but it is fakdy
insensitive to changes of = 0.20 ¥ Increasing the initial
pressure aiways increases the bumont velocity, The busnout
height doesn't depend very much on the pressure, but it does
depend aimost finearly on the volume.

While this was a wonderful physics problem we had
worked out, there was only one way we conld believe the
resufts, They needed to be challenged experimentally.

Experimental Results

When we realized that we wanted detailed information
about the motion of a macroscopic object during approxi-
mately one-tenth of a second, we knew that the oniy place to
turn was the physicst education department. After all, they
study the intricate and rapid movement of athletes; besides,
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45 the motion doesn’t begin 1o apply until the rocket already has
/ an initial velocity that we have neglected. Accounting forthis
effect would move the theory curve upward by an amound
propestional to the ciapsed tirne. Our estimate of the size of
s this error sight explain one-third of the discrepancy. A third
poteatial problem is the assumption of & parely adiabatic

N / expansion of the air inside the rocket. The fact that we see
32 / fog in the bottie after launch means that water vapor is being

8
.

converted into liguid, releasing energy for which we havea't
25 accounted. In addition, there are many other approximations

/ mherent in our theory that couid be responsidie for the
20 £ discrepancies.

Many features of our theory were verified by this experi-
ment. For example, we were amazed to see that the water
doesn’t spray wildly out of the bottle. Enstead, it fooks as
though it is in a pipe. This expiains why the burnout height

Drarowons eigie ()

19 74 doesn’t depend on the initial pressure and it depends Hinearly
/ on the initial volume of water. The cutgoing water essentially

03 Ve creates a cylinder with a diameter equal to the diameter of
the hole in the bottle. Varying the volume of water changes

the height of this cylinder in a linear fashion. Varying the
pressure changes the mte at which the cylinder of water is
created, but not its totat volutte,

et 0

02 G4 ¢ : % i6
iriaf vodoae of wanr 3.3

Kig. 11. Burnout helght vs initial volume of watee {m= 43.4 g, Or
zﬂ.ﬁp{:g: Dx=2.15cm, Vo » 2,081 and the Initis) gauge pressurs
® 30

they have b&gger budgets than we do. We used their high-
speed cameta ' 10 record the launch of the water socket. The
camera was rated at 286 frames per second, so each frame is
approximately 3.5 ms apart, Two frames from a launch are
shown in Figs. 12 and 13. These frames are roughly 28 ms
apart. Notice the graduated board behind the rocket and the
clock to the right. The clock is actually a motor turning a disk
at 1740 rpm. The board and the clock afllowed us to find
position and time. The initial volume of water was 6.7 £ and
the initial gauge pressure was 80 psi.

In Fig. 13 you cas see the plume that we suspect is a

mixsure of water and air that is created as the last of the waser
is gjected, The order of magnitnde of our predictions was @Wmmm W st
right! The burnous height was Iess than two melers and the
time was under one-tenth of a second. Simply incredibie!
The position-vs-time data is plotted in Fig. 14. This graph
aiso contains the theory curve and some “time shifted” data.
The theory curve and the dala curve are not as close as we
had toped. The real rocket actually appears to outperform
our theoretical one. We have several possibie explanations
for the discrepancy. There are problems knowing the precise
rime of “ignition™ because dusing the first milliseconds the
rocket is moving siowly. This wouid have a tendency to shift
the data o the right. To make the data match the theory
requizes a time shift of about 0.01 s, as shown in Fig. i4. An
error of this magnitude means that we misjudged the time of
ignition by three or four frames of film, which seems a bit

3. High-apead photograph approximately 86 ms into

g
tha

too large. A second experimental probiem is that the shaft of letaot . rod
the plumbing is about 3 cm inside the bottie, $o ot modet of DUSTOUL. ks ot and aie er =
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High-speed camera dats—Theory vs Experimeat
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Fig 14, Position.ya-dime Sata from the high-spead camers piot.
toct along with the theoretical prediction. The time shifted data
has beert moved 0.01 2 20 the right,

Another amazing feature of these photographs is thas the
watet is indeed gone after the first two meters, vet whes you
look upward after a launck, you will see water falling from
heights of five 1o ten meters. The water
that is ejected by the rocket is, after a few
witiiseconds, actuaily traveling upward
with respect 0 the Farth while it is mov-
ng backwards relative 1o the rocket.

Thefilm' for this higts-speed camers
is fairly expensive and it takes a lon ;‘%
simne to develop because the company
waits to receive several rofis of this type
of film before processing itall as a single
batch, The fim and developing costs
about $40 per 106 f1; in our first 109 £
we got oniy one good recording of a
launch. These problems with the photo-
graphic technique, as welt as the discrep-
ancies between theory and experiment,
led us 1o seek a different method of dusta
collection for more systematic studies,

About this time we came upon the
TPT article by Randy Jenkins™ in which
he described the use of PASCO's Smart
Pulley 0 coliect data from solid fuel

rockets, Adopting his techaique, we ied  Fig. mmmseumaocmwmmmmmm;mm

a light string (approximately 2.5 m long) to the rocket. We
drified a smail hole from the inside of the channe! ip the
pulley to the outside, slid the other ead of the string through
the hole, held it in place with masking tape, and roied up the
remaining siing onto the pulley. The Smart Palley was
connected direcdy to a computer. Whea we launched the
rocket, it nrolied the sitring from the puiley and easily
removed the masking tape as it left. The data was collected
in the computer and analyzed. The string seemed o have
almost no effect on the flights of the rockess, aniess yos count
the fact that several rockets now hang like giant Christmnas-
tree bulbs on nearby sycamore trees. If you intend o try this
method of data collection, he aware that you must keep water
away from the putiey’s infrared detector. You might also want
10 keep the computers out of the back spray from the rockets.
Figure 15 shows several members of our {eam preparing for
a launch.

We had hoped 1o compiete two sets of smdies: constant
initial volume of water (0.7 #) as the initial gauge pressure
was varied from 46 to 120 psi and constant gauge pressure
{38 psi) as the initial volume of water was varied from §.20
to §.26 & We bad hoped to generate the data necessary to 1est
the theoretical curves of Figs, 8-11,

Figure 16 shows the height-vs-time data, along with the
pradictions of the theory for three launches at 56 psi and 0.704
and three lauaches at 10Q psi and §.70 & Notice that the thrse
iaunches at 56 psi were very consistent with each other, bat
stiti scemed to suffer from over performance with respect to
the theory. The launches at 1086 psi showed a serious lack of
consistency, but still outperformed the theory in all three
cases. Part of the problem here is that our launcher gets
stubbora at these high pressures, which means that the pres-
surized rocket sits on the pad 2 long time before Iaunching.

£

/} LT

I

action. Une of the suthors (KKein} is at tha bottorm Jeft checking the innch device.
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Fig. 18, Several lsnches 5t two differant progatires. Data from
{he Smart Puliey setup plotted slong with the theory,

Buring this time water gets driven back into the pinmbing
assembly, reducing both the initial volnme of water and the
air pressure. Past of the discrepancy between theory and
experiment can be explained by the fact that we were vsing
a three-hole Smart Pulley. Sc once again, by the time we
started getting data the rocket had an initial velocity that isn't
accounted for in our model. On the other hand, at this poiat
it may be time to seripusiy consider the possibitity that the
discrepancy is a real physical effect.

Summary

Abaout this time we came to the conclusion that we needed
more and better equipment. We are sad 10 report that due 0
the end of the Cold War interest in the behavior of rockets
doesn’t seem to be a priority with the usual funding agencies.
We were forced to bring our project te an end {besides the
end of the school year was fast approaciting and it was about
time that we got to work on other things).

in suminary, we have shown how fo build a fun and
exciting physics toy that will amaze and detight even the most
jaded physics student of teacher. It is really a great collection
of fortuitous circumstances that even allows the 2.4 soda-hot-
tie water rocket to be practical. The bottles are disposables
and therefore cheap, Half-nch PVC pipe is inexpensive,
available, and it fits perfectly. The botiles are designed to
withstand the needed pressure, There is even a plastic ring on
the boitle for attaching the launch mechanism, In addition,
the hote in the bottie is just the right size for the necessary
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fluid dynamics. {We tried to make it sealler, bist the water
rocket became very unstabie and dangerous.}

Our theory is based on 2 ovely physics problem that
Hlustrates many of the fundamental concepts treated in an
introductory course. Additionally, it points out the need for
studens to be able to use nsmerical methods, such as sproad-
sheots, if they want o0 be abis to solve “reai-worid"” physics
problems, The predictions of our theory, while not in com-
plete agreement with experimiental results, are within 10 to
20%. Considering the unbelievabie numbers the theory pre-
dicts and the uncertaintics in Our measurements, we are quise
satisfied with 2 discrepancy of this magnitade.

There is a whole array of questions that our work has left
unanswered: What is the source of the discrepancy? Can the
timipg be improved? Can the experiment be redesigned so
that knowing when the rocket stans moving is ot socnisical?
Should the energy released by the condensation of water be
included in the theory? I 50, how? Why is the size of the hole
in the bottle 50 crucial? We leave these questions for you 10
investigate. Our study of the launch of # 2.8 soda-bottie water
rocket has made a big splash on our campus; we hope that it
will lead you o new heights,
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