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ABSTRACT

Y

The aim of this research was to obtain a quantitative understanding of the
McHugh steam water pulsejet cycle, which in its simplest embodiment, is a
thrust-producing cngine with no moving parts. The cycle is also adaptable
to water pumping, a study of which is currently being funded by ERDA; or,
indecd, to the pumping of any vaporizable fluid. It has also been used as
an apitator, and may find applications as such where a fluid or slurry is
too corrosive for conventional mechanically-driven pumps or agitators. The
basic theory may also be peripherally helpful in such diverse ficlds as the
"chugging” of atomic rcactors during emergency shut-down and the catastrophic
cxplosions which can result from the dynamic mixing of water with lava or
molten mctal.

Although by no means complete, it's believed that the theory presented herein
adequately cxplains the McHugh cycle, and points the way for further perfor-
mance improvements. Steam water pulsejets arc not yet as efficient as con-
ventional steam engines, but therc may be applications where the rather

extreme mechanical simplicity makes them cost effective. In terms of “"speci-
fic fuel consumption,” thc best engine tested corresponded to about 0.56 1b

of fuel per hour per pound of thrust, assuming an 80% boiler cfficiency. This
is comparable to a turbojet, but, of course, the pulscjet has a natural ad- _ L
vantage in the denscr medium. This fuel consumption is about five times what \ha
we would expect of a dicsel engine driving a water propeller. gBut it is
comparable with what one might expect from a fractional horscpower I.C. engine
driving a water propcller; which is, after all, the direct comparison in scale
for the laboratory engines so far tested. Since the tcchnology is new,

onc would expect improved results with further work.

The pulscjets tested discharged essentially all the boiler heat to the test
tank. The longest onc tested was 7.75 feet, but there was no indication that
this was an upper limit. (Performance generally improves somewhat with
increasing length.) The highest heating rate achieved was 10 Kw, and for a
0.875 inch 1.D. duct, this represents a larger heat flow than is achievable
with a conventional water filled hcat pipe. Thus, the technology may find
applications, in addition to those already mentioned, in the transfer of heat.
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LIST OF SYMBOLS

This study enbhraces disciplines which are rarely brought together in a single
analysis.  The writer thercfore had the choice of using entirely unfamiliar
symbols for many variables, in order to avoid duplicuation, or using the usual
ones. The latter course was chosen, so that (for example) at various places
C, is a power coefficient, a specific heat or a pressure coefficient. It's

believed that no confusion can arise from this; where confusion could
arise, some symbols have been changed.

A Cross sectional area of a duct

Ay Nozzle cxit arca

a Thermal diffusivity = k/CPog, or a constant in equation (7), or
the speed of sound given by equation (65).

b Pipe wall thickness

CE E/prXSA, a kinetic cnergy coefficient

Cp (p-pm)/pmzxz, a pressure cocfficient; or specific heat

CT Tav/pmzsz, a thrust coefficient for a piston-driven pulsejet,

= TaV/oAP, a thrust coefficient for an impulsive pulsejet,

Cw W/prXSA, a work coefficient

D Pipe diameter = 2R

E Young's modulus, or kinetic cnergy

f D*Arcy friction factor, or stress

g Acceleration due to gravity

H Enthalpy

h difference in height betwcen a liquid column and the undisturbed
water surface, or film heat transfer coefficient

1 Impulse = (Force) dt

Ij Impulse or momentum of a single exhaust stroke discharge

I, An integral defined by equation (38)

vii




LIST OF SYMBOLS (continued)

]T An integral defined by equation (44)
Ic An integral defined by equation (36)
J Mechanical equivalent of heat

K Bulk modulus of a fluid

k Thermal conductivity

L A pipe length

m Mass

Nu Nusselt number

n An exponent

P (p_- P)/p and similar pressure terms
Pr Prandtl number

P (p_-pP)/p- gh

P Steam pressure

Py Static pressure ih the nozzle

P. Ambient pressurc
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St Stanton number

SWR (Stripped boundary layer water volume per unit length)/nR2
T Thrust
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LIST OF SYMBOLS (continued)

Time in scconds

Cycle period

i, the average column velocity, or a local velocity in nonuniform flow
Mass averaged flow velocity in a duct

Frece stream velocity

Center velocity in a duct, or volume

Steam specific volume

Work

Weight of hydrocarbon fuel at 20,000 Btu/1lb

Steam weight

Half amplitude of a sinusoidally oscillating piston, or the distance
from the boiler top to the tailpipe exit
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distance between the steam/water interface and the duct exit plane
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Interface velocity immediately after leaving the boiler
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A transformation variable
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Thermal constant defined by equation (81)
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Cycle cfficicncy, or thermal constant defined by equation (81)
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INTRODUCTLON

This paper is concerned with a remarkable fluid flow phenomecnon which should
logicaily be called "the Mclugh cffect,” or "Mcllugh cycle' after its discov-
ercr, C..T. HcHugh.l In its original form (Figure 1), it was clearty the
(mechanically) simplest heat engine ever invented. When heat is applied

to the boiler, the water column in the tube oscillates backward and forward
and the toy boat is driven forward through the watcer.

Mcllugh's discovery was apparently serendipitous, but in a later patent,? he
seemed to have rcached a qualitative understanding of the phenomenon. When

the water column hits the hot boiler, steam is made, and the increase in
pressurc pushes the water column down the tube towards the exit. The pres-
surc drops as the stcam condenses on the cool wall of the tube, and the outward
momentum of the water column gives timec for the steam pressure to fall well
below ambient before the dircction of motion is reversed. So the water column
is sucked back into the boiler, and the cycle repeats itsclf.

A net propulsive force is produced because the flow into the pipe is a "sink
flow' from all directions in the 2w sterad about the pipe exit, while the
flow out is a unidirectional propulsive jet.

A quantified understanding of the Mcllugh phenomenon is desirable, partly be-
cause it enables the principle to be applicd to larger scale applications,
such as simple pumps, boat propulsors, fluid agitators, and oscillatory

heat pipes (essentially all the hcat supplied to the boiler is discharged in
the jet), but also (for example) because analogous phcnomena ("chugging') can
cause high stress levels when emergency cooling water is forced into an atomic
reactor. Finally, it is peripherally related to the dynamic mixing of water
and hot lava or metal which is thought to be the cause of a number of cata-
strophic explosions.

Apart from McHugh's second patent,? the first published attempt to explain
the cycle scems to have been made by Baker" in 1932. Baker was wrong in his
explanation of the cycle (he assumed that a bimctal diaphragm was needed in
the boiler), but correct in explaining the thrust mcchanism.

Other analyses known to the writer are by Dickmann,® Miller,® and MacKay.7
The latter shows that boiler resiliency is not essential to the cycle. MacKay
says in part:

"The boiler can be rigid and still give rise to these
oscillations. A nice demonstration can be had with a
Pyrex tube having a bulb on the end acting as the
boiler. Either small-amplitude, almost sinusoidal
oscillations of the column can be ohserved or, by
changing the heating, violent cyclic cmptying and
filling of the bulb. In this latter casc the sudden
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regenerative condensation of the stcam is observed
most ¢learly since there is no flexihle top to act

as a cushion. For best operation all air should

first be driven out by boiling. Professor Frank
Goran, who joined in several of the recent experiments
has emphasized the necessity for liquid water to con-
tact the hot region to provide a supply of stecam for
later condensation. This factor may account for the
somewhat more stable operation of a two-tube unit

over one with a single tube."

The observation about removing gases from the water by boiling is particularly
interesting to the writer in the light of our more recent experimental work,
described later in this paper. Gas relcased by boiling in the boiler can
become trapped therc, and inhibit the engine's operation.*

MacKay’ (who was apparently unaware of Dickmann's® work) also gave a correct,
if qualitative explanation of why the engine devcloped thrust. But Dickmann's
was much more detailed, and included experimental data (Figure 2) from an
apparatus in which a water column was oscillated by a crank-driven piston.

The theoretical linc in Figure 2 is for sinusoidal piston motion and is given
by

Average thrust = TaV = %—p(wX)zA (N
where

is the crank spced in radians/sec

is the piston amplitude or half stroke

is the cross-sectional arca of the duct

is the water density.

D > X E

This very simple rcsult was derived independently in References 8 and 9 using
entirely different methods of analysis. Sieckmann? integrated the total momen-’
tum flux in the vortex trail - an involved calculation - while the writer®
considered only the (one-dimensional) flow within the duct. The latter approach
seems preferable in that it allows skin friction and inflow loss effects to be
included. The fact that the experimental thrust is slightly lower than the
thecoretical result may be due to a number of causes:

(a) The refercnce 8 theory assumecs ''sink" flow in, "jet"
flow out. Dickmann®suggests that, right at the start
of the cxhaust strokc, the flow is "source-like" in
nature, and bccomes '"jet-like" as the vorticity builds
up at the boundary. (His two-dimensional flow analog,
model of the downstrecam flow is given in Figure 3,
together with that of Sickmann's later analysis in
Figure 4.) It's possible that some measurablc loss of
rearward moment occurs as a result of such transient
"source-like" flow.

*However, Finnie and Curl"? say of the Figure 1 configured engine, " . . . the
performance of the hoat is generally improved by the presence of small amounts
of air in the chamber." The rcason for this disagreement is currently quite
unclear.
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Figure 2. Equation (1) compared with the experimental mcasurements of
Trunz, as reported by Dickmann.®
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Figurc 3. Dickmann's® two-dimensional flow
model of a pulsejet wake.
(a) Induction; (b) Discharge.
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Figure 4. Sickmann's?® two-dimensional flow

model of a pulsejet wake.




(5) [quation (1) assumcs that there is no inlet pressure
loss. It's not clear (to the writer at lcast) what
the effect of a flow contraction pressure loss would be
during an instroke. The average thrust would be less,
because the intake thrust would be negative instead of
zero. But the wake is generated by the outstroke, so
we should then have the anomalous result of the thrust
being less than the momentum in the wake.

(¢) Equation (1) assumecs that the D'Arcy friction factor f
is constant, so that skin friction terms cancel out.
The magnitude of the error which this gives has not
yct been tested, but one would not expect it to be
large, since inward and outward velocity-time histories
arec identical.

Cavitation does not seem likely in the Dickmann experiments, since the minimum
pressure would be about 150 1b/ft? below ambient.

Some further discussion of Dickmann's work was given by Schuster, et al“l in
1960 (translated 1963), still from the vantage point of determining thrust by
integrating the momentum in the wake. In 1963, Finnic and Curl (who were
apparently unawarc of Dickmann's work) presented an apparently rigorous analysis
to show that, in irrotational flow, the average thrust during the instroke

must be zero. For the outflow, they obtain the conventional result

Thrust = pAﬁz

that is, the product of the instantaneous mass flow rate and the mass-averaged
velocity.

A review of previous work would not be complete without mentioning that of
Gongwerlo:‘l at the Aerojet-General Corporation, ecven though he was not using
the McHugh cycle.* A typical Acrojet pulsejet is illustrated in Figure 5.
Fuel is burnt in the combustion chamber, and the expanding gas forces the
water out of the tailpipe to form a propulsive jet. As the pressure drops,

a fresh charge of water is admitted by the one-way valves and the cycle is
repeated.

Efficiency was found to be fairly low, presumably because it is what used to
be called a "Type I" enginc12 without prccompression. This roughly halves
the cycle efficiency.!? Valve life was short under the repeated mechanical
loading, and vibration was very high. Figure 6 shows a typical pressure-time
history,13 and explains the latter problem.

Principally for these reasons, development of the Aerojct pulsejets was even-
tually abandoned. But the work did demonstrate the feasibility of developing

* Of coursc, somc steam must have been generated at the gas/water interface.
Heat lost to the water would reduce cfficiency, but that used to make steam
would not be a total loss.
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thrust forces as high as 1000 1b at 60 knots forward speed, and that gas
could impose large accelerations on a much heavier fluid* without being con-
figured as a Humphrey gas pump.!®

The writer became interested in the Mchingh cycle in 1971, and we have since
constructed and tested a number of engines. Ve prefer the generic name water
pulsejets for any pulsed propulsor!® and stecam water pulscjets (SwPJ) for
thosc having the McHugh cycle.

Figure 7 shows our basic enginc conceptually. Rather than being larger than
the pipe, the "boiler" is cither the same size or smaller. (A typical
laboratory engine has a pipe diameter of one inch.) The boiler wall is
thick so that it can capacitively discharge hcat to the water during the

few milliscconds that it is in the boiler cavity. It is heated by electric
resistance elements for experimental convenience, although propane gas flame
heated boilers have also been employcd successfully.

Figure 8(a) shows the steam/water interface travelling away from the boiler

in a transparent duct, and the oppositc motion in Figurc 8(h). Note that

a "stripped boundary laycer" is left behind by the outgoing water, and picked
up on its return. Although not very important hydrodynamically, this stripped
watcer is thought to dominate the thermodynamics for much of the cycle.

Figure 9 shows a sclection of boilers that have been evaluated experimentally,
the boiler/pipe joint being shown in Figure 10. The assembled engine, shown
in Figurc 11(a), has been sectioned to show the internal details, and may be
compared with the "multi-hole" boiler drawing in Figure 9.

In addition to the basic thrust engine, we have built, during the last six
ycars, a number of alternative configurations. The bifurcated tailpipe of
Figurc 11(b) is intended to permit ram recovery when the engine is operating
at high forward speed in the watcr. In the prcsent program, ram pressures
up to 374 1b/ft2 werc imposed on the inlet side (equivalent to 19.4 ft/sec
with 100% ram rccovery) without any significant change in enginc operation.

A suction pump, shown in Figure 11(c), is an obvious extension of such a
bifurcated thrust cngine. To date, such pumps have only been operated in a
suction mode"? but since a thrust engine works against high back pressure,
when a nozzle is fitted (about 8000 lb/Ft2 for a nozzle area ratio of three,
corresponding to a 1ift of 130 ft), therc seems to be no fundamental reason
why they should not pump against a head.

Luberoff"? has pointed out that the basic (nonbifurcated) pulsecjet is an effi-
cient agitator which may have applications in the chemical industry, parti-

* It's sometimes thought!® that Taylor instability!®»17 procludes accclerating

a fluid with a gas, but Taylor'® and lLewis!? did not say this. The insta-

bility results in fluid "tentacles'" reaching out into the gas, but as Lewis
observes "in spitc of these very large surface disturbances, the main body

of liquid . . . is accelerated as though they did not exist.
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(a) Discharge Stroke. (For inviscid flow, and no nozzle, the equation
of motion is p_-P
xX = ——
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UP BY THE RETURNING INTERFACE

(b) Induction Stroke. (For inviscid flow, the equation of motion is
.. . pm—p
xX + x7 = )
P

Figure 7. The simplest exhaust and intake flows. (p = mass density of the
fluid.)
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TO BOILER

Figure 8(a). On thc outstroke, the steam/water interface is
moving from left to right, leaving a "stripped
boundary layer" bchind. On this engine, the
internal diameter of the lexan pipe is 3/4 in.

TO BOILER

-—

Figurc 8(b). Moving right to left on the instroke, the interface
is picking up thc stripped boundary layer watcr as
it goes. The latter has had time to morc or less
fall to thc bottom of the tube.
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Frames 1 - 4 Frames S - 8

Figure 8(c). 1In this composite from a high speed movie (roughly 1000 frames

per second), we have printed every fortieth frame. In the first one, the
steam/water interface is just about to emerge into the transparcnt section.

In the second frame, the lower half of the tube to the left of the interface
appears half full of water, but this is an illusion; the "stripped boundary
layer" is merely coating the inner wall, and the inner surface is sufficiently
disturbed for it to appear opaque. In the third, fourth and fifth frames,

we see the boundary layer water fall to and puddle in the bottom of the tube,
while the interface motion is arrested. In frames six to eight, the interface
moves back to the boiler, picking up the puddled houndary layer water as it
goes. In the movie, the vorticity generated by this is clearly shown by the
motion of the gas bubbles behind the interface.

12
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Figure 11 (a).
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cularly where corrosive fluids mitigate agninst the usc of moving parts, seals,
ote.

In what follows, we shall confine ourscelves to the simple thrust engine, al-
though the theory will generally be applicable to a bifurcated one as well,
so long as the legs are of the same length.
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EQUATTONS OF MOTION FOR A INVISCID FLUID COLUMN

The Basic Fyua tions
For simplicity, we first consider the inviscid flow case. Then if p is the

static pressurc at the piston (or stcam water interface) and Py is the pres-
sure at the nozzle, Newton's law gives '

o d . e .. "
Alpy - P) = ¢ () = mx + mX (2)
where A is the cross sectional area of the duct.
Now the fluid mass is m = pAx
Soom = pAx for the instroke

For the outstroke, m = 0 becausc momentum is conscrved in the jet. So we
have, for the inviscid flow equations of motion

Instroke Py - P
A w0 (3)
o
Outstroke Py - P
—_— = XX 4

During the outstroke, PN.* Pos the ambient value. The same is true during the
instroke, but the rcasoning is more complex and lacks rigor. From Bernoulli

- ]
P =ry 3o -0 gt (5)

where ¢ is the velocity potential. Now, as will be shown below, equation 3
gives zero average force on the instroke for p, = p_, and this is clearly the

correct result, since all fluid is stationary at the start and the finish of
a single inwurd stroke. So from cquation (5)

LTS
at'z(x)
and
.1 2 - 1
¢ = 5 (dx/dt)” dt = 5 | u dx

which is a valid solution.

19
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The proof that the averase instroke thrust is zero is simple, since from (3)

Lt T
IN av " .
. V,.A_p._‘_‘_. = /(p - p) odt = /x.\ dt + / (x)2

Ao

IN IN IN
Evaluating the first integral by parts gives
At A
AT av "t 2 ) 2
i XXj - (x)° dt + (x)
o 0
0
= 0
since x = 0 at the beginning and end of the induction stroke. Notice that
the same analysis for the outstroke (equation 4) gives
tp
t. T PA (5()2
P av
At

which simply says that, for constant duct arca A, the force impulse (t T_ ) on
the end of the boiler is cqual to the time 1ntcgra1 of the momentum dlS(gdlycd
in the jet. This is the result obtained by Finnie and Curl."?

[In the above equations, At is the total instroke time, and t, the total cycle
(in- plus outstroke) time.]

The same type of analysis can be uscd to show that the work done is

s % oA/ x>

where the plus sign refers to the instroke and the negative sign to the out-
stroke, for which x < 0.

When the nozzle arca (A ) is not the same as A, for the outstroke, we have,
from Bernoulli*

Py = P, ¢ to(x)?
where 1 2
¢ = 5 [(/a? - 1] (©)

*In this case, the 3¢/0t term is the inertial component which is already inclu-
ded in the equation of motion.
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neissith o ognations take the final form

Toeen s XX s a(x)2 - op {say) (7)
where
a = 1 for the instroke*

= -, for the ontstroke

If P is constant, we can solve this in the conventional phase planc by writing

u o= X ¥ = du u
’ dx
N du 2
P o= xu gx *toau (8}
"2 X2
Then _uwde dx
P - au « x
! "
which, after some reduction, hecomes
2 P 2a 2 2a
U2 = a4 [1 - (X]/Xz) ] + ul (xl/xz) (a f 0)
9)
2
= 2P log (xz/xl) + U] (a = 0)

A second integration is required to find x = f(t) and this is analytically
possible only for certain values of (a); namely

a = oo

L 11
H ’ 2) 3) 4’ 5!
These solutions can be obtained by the transformation

™ = [(P/a) - uf ](xl/xz)za

where m = 1 or 2.

A different method of solving equation (7) involves the transformation

* The same result as Finnie and Curl®? but obtained in a very different way.
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50 thut

-2.-.2 -1..
n(n-l)zn “(z)" + nz" lz

tf

.
Making thesce substitutions in cquation (7)
Z+a

2(n—1)(i)2 R nz2n—1 n222(n—1)(.z)2 - 7

n(n-1)z

.2 . . s
The (z)~ terms will cancel out if n = 1/(1+a), giving

1 1-a 1+a) ..
T+a -/ () oy (10
Writing q = z, 7= %% q
4, z,
/ q dq = (l+a)/ p Z(a—l)/(zHl) dz
z
R 1 an

1 2 2
= 'i'(Qz’ql)

The inverse transformation is given by

z = XMoo @] g% = (a+Dx°
q = z = % 21/(n_1)=(a+1))'(xa
X2
()% X3 - A3t - ZfP x84 gy (12)
X1

If P is not constant, it often varies as a function of x; as in isothermal
cxpansion, for example. So if
2a-
P x 1 dx

2. C
is integratible, we have a solution for (x)° in terms of x. This is often
sufficient for performance calculations, where iz is zero at the end of the out-
stroke, i.c. X

2
2/1‘ 221 ax s (.':])2 xia = 0 (13

X)
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For the oot ot nressure case, this leads to

AP 2a . 2 2a _

L X ()T Xy + 0

x> .2 2i

- ;.(xlr/i'l’/“’ (14)
*)

This cquation is the basis of the simple pulsejet cycle theory presented later
in the paper.

j‘}1_('_ "Drinking Straw' ‘I’.r_(_)'h»l cm

A familiar application of thesce equations is the motion of the liquid in a
drinking straw. [If the upper end is held closed while it is thrust vertically
into a liquid, the fluid inside the straw will be depressed, as shown in
Figure 12. Rewmoving the ohstruction at the upper end will allow the fluid

to risc, and in this casc, the cquation of motion is

K (07 = gth - x) (15)

Substituting P = g(h-x) in equation (13) and noting that a = 1 for an "instroke"
and il = 0, we obtain the following relationship for x

max
X
" h 2 2 1 3
20 h s 1 3 .
2 | (hx-x") dx = 2g | > (xm xl) -3 (xm xl)] 0
X A
Writing x = xm/x] h = h/x1
¥+ (1-3mEs-3h) = 0 (16)

This result is plotted in Figure 13. When the top of the straw is released,
the fluid in the straw will rise above the free surface to the height given
in Figure 13, before falling back. (Actually, somewhat less, because of vis-
cosity, of course.)

The downward motion will be governed by
xX = g(h - x) (17)

for which the solution is

(18)

i
<

ﬁ log x + (1 - i)
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Figurc 12. Geometry of the "drinking straw" problem.
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The overshoot of an initially depressed column of inviscid

fluid in a drinking straw, from cquation (16).




. h
As hefore h = e om e
inttial x

- minima X
e e
inttial x

The solution to equation (18) is plotted in Figure 14. As an example, suppose
a straw were imuersed two inches, with the inviscid liquid inside at a height
of two inches above the free surface (h = 0.5). Then relative to the free
surfuace, the successive maxima and minima would be

+ 2.0 inches (the start)

- 112 "
+ 0.83 "
- 0.64 v
+ 0.31 v

This presents, thercforve, the rather rare spectacle of damped motion of an
inviscid fluid.

Sinusoidal Motion Forced by a Piston

Equation (7) is readily solved if the motion is prescribed. Let

X = Xo + X sin 8 0 = wt
so that .
x = wX cos O
and
X = -mz X sin 8
Also, let
Yy = XO/X
Then, for the instroke ( - %-< 0 < % )
[ .2 2
Cp S R ( sin 6 + sin" 0 - cos’ 0 (19
IN pw X

3
For the outstroke ( ; <9 < Tk )

(20)

oY
2]
<o
5
o

C Y sin @ + sin20 +

Pourt
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Figure 14, The overshoot of an initially clevated column of inviscid
fluid in o drinking straw, from ecquation (18).
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itional

instroke n/
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-1/2
outstroke 3
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To compute the thrust, we
tinuity, the jet velocity

u u

N

[
j oANuN

Since the
is

period

pwzxz

Comparing (22) and (23),

1
AC.. -
1N02 1

[

AC
NOZ

(§]

cquations (19} and (20) as a function of phase angle
pressurve volume (I'-V) diagram.  The average pressuare

2
p v = 0 (21)
IN
/2
b do = (e ) (22)
ouT

compute the impulsce (1) of the discharge. By con-

is

3In/2

p(AZ/AN) sz c0520 dn
n/2

1

4

-/IT = 1+2?

(23)

(MAY
A N

we sce that the average thrust force on the nozzle is

iV 2e - (e ) (24)
for - 0, and is otherwise negative, as would be

cxpected.
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The work reauvired to move the piston is

N o= »,‘\/(p - p.) dx

For the instroke

/2
3
WI = - /\p!nzx CP cos 0 do
IN
/2 W/
WI 7 3
C, & oo = - [y sin 0 cos 8 + sin“0 cos 0 - cos™ 8] d9
W 2,2
1 Apw™X
—n/2
- 2 ﬂ/ r
- % (25)
For the outstroke
3n/2
. _ o .2 ) 3 2 )
Lw = - [v sin 0 cos 8 + sin“@ cos 0 + 7 cos™ 8] du = 3-(1 + 27) (26)
0
/2
The kinetic cncrgy in the jet produced by one discharge is
.1 2 1 3 1 A .3
[j = 5| Uy dm = 5 pAN Uy dt = §W\Am§v5 (x) de
3n/2 N
3 ;
= J—pflr w2X5 cos 6 do
2 2
AN
/2
L. ,
C, = —%5- = 30420 (27)
8] Apw’X

Comparing (26) and (27), we sce that thc work done by the piston to cxpel the
charge appears as kinetic energy in the jet, thus validating our equation of
motion for the discharge. The work done by the piston to i1l the duct does
not appear as cnergy in the jet.

The results can readily he extended to the case where the duct is moving through
a fluid, the end being bifurcated to recover ram pressure, or to pump trom one
pressure to another. It's found!? thut the ideal propulsive cofficiency is




;;. Jq»;"é{ _ HZ
Tt R B (28)
X (J#c) - S m

where
.o llo/mx
ugoo free stream velocity
For ¢ = 0, we pet the low valuce of n, = 0.267 at u = 0.453. Ltficiency in-
creases with ¢ to a limit of 0.7266 max as ¢ + ~. This strange result caused

sone puzzlement until it was realized that, for part of the sinusoidal stroke,
the jet velocity is less than that of the frecstream. Increasing the nozzle
contraction ratio (increasing ) reduces the fraction of the stroke when this
is so, and hence improves cfficiency.

This led to an analysis of the effect of jet velocity nonuniformity on propul-
sive efficiency, reported in Reference 8 from which Figure 17 is reproduced.
1t was found that a uniform jet velocity results in the same propulsive effi-
ciency as a Froude actuntor disc. The more the velocity-time history departs
from this, the lower the propulsive cfficiency.

The Impulsive Pulscjet Cycle

Figure 18 shows the type of steam pressure-time history measured with a steam
water pulscjet; and of course, the thrust-time history looks very similar.

A simple idealization of this is to assume that the water column motion is
impulsively reversed at the boiler, and that at all other times, the pressure
is constant at some value p,. So, apart from the impulse, the motion of the
water is described by ecquation (7).

Let X be the boiler ordinate

B

X the point at which the interface is farthest from the boiler

x. the water vclocity prior to boiler impact

P
; the water velocity immediately after boiler impact
Then, from cquation (9}, for the instroke (a =1, u o= 0)
. _ e T aq
xp = V/<[l (xm/xu) J (29)

"=, - py)/el
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outstroke (a - -7,

For the

;2
¢ ta

= eGP

.'] - x.), we have from

a
<

-1/2r

/2p

The corresponding boiler exit velocities are

X =
o

WAV

T
/X -

~v/éP iog (ﬁh/xm)

So, knowing X
velocity change (a

and Xp» equations (29),

(32) and

. > b oLocal U
impulse associatedPwith™this is

I = mhu

il

i

prB¢$m{VG’— (xm/xB)Z + V/E

cquirtion (11)

(r. # 0) (30)
(v = 0) {(31)
(¢ # 0) (32)
(¢ = 0) (53)

(33) tell us what the impulsive

x_ ) at the hoiler must be for a given value of P. The
prB(xp - xa)
"AXB‘/F 2\/1 - (x./x )2 + \/a/c)[(x /X )“'Z’ - III (c#0)  (3Y)
m" 7B B" "m ‘
( log (xu/x) (t=0)  (35)

log (xB/xm) ‘

During the rest of the cycle (in this model), the pressure is below ambicent,

so that the total impulse per cycle will be less than this value.
For the instroke, we have from equation (9) (ul = 0)

determine the cycle time.

Ve - (xm/x)‘f

X =
X
S J[ X dx
Vix® - x 9

X m
m

t
= P / dt

0

X - -
8 Vq - (xm/xn)l

Vb
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For the outstrole, from cquation (12)  (a = -7, ':(l o 5(“, X, 7 XB)
L2 .20 -2 =27 -21
3 ST . I Y/ r . L ) .
(x)7x () xp (P/r) | x x, 1
i . o e 2 2z,
o cquittion (S0 P (x“) = (xn/xm) -1
L a2 -2 -2¢ -27
p {(x)"x = X - X

i - Verorex)® -l

« t
/ . _d-\'_.z{. - fl’/—l.[dt = At v/, (57)
Jx/x )70 -1

XB 4]

Analytical solutions arc possible for ¢ = 1/4, 1/2 and 1, and are given in
Table 1 and Figure 19. Nmacrical integration for other values of ¢ are given
in Table 2. The form of Table 1 is

1
; X d(x/x )
1 = At KR = /EEAJE ; ~—~ré¥¥=:r= (38)
out xn XB /?g/xm) > 21
xB/xm

wY

For the case of ¢ = 0, we have, from cquation (9) (ul = kq, X) = X )

x = -/2p /{;g (x/xp) + (ia)z/zp

But, from equation (373)

A
_(.)_(.;Z‘L = lo _x_[i
2P & X
m
x = -/ /177;{7/3&;“
and X
CoLdx P At 39
—/vll(lg (xﬁx'“) = /2 (39)
X8
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L=0 FROM EQUATION 39
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Figure 19, Values of AtOUT given by numerical integration of cquation (38).
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Table

1.

Analytical Solutions to Equation (38) for ]r

X — - X
m i b, B
’/i ;-_ 103 l "/(x B/ -\‘H) - 1 + ‘i—‘ ]
B ‘ m
xm /---— -——
2 x—n XB/xm -1

= SV 172 2
2/2 ;B' (XB/Xm) -1 ] 3 (.\B/xm) * 3 ]
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Again, this must be integrated numecically, and this has been done in Table 3,
in the format

1
d(x/x )
EENNETY = - Ty Y
[0 = ('“[/xm)AtOU'l‘ = / /log (x/xm)
xl’./xm

From cquations (36}, (38) and (40Y, the total perviod is given by

xy A - (x,/xg)° + I, (c # 0)

(41)

VR
“m’ *B V2 X,

i

o (¢ =0)

Except for the case of ¢ = 0, we cannot compute the thrust from intcrnal pres-
sures, bccause the force reacted by the nozzle is (at present) unknown. It's
therefore necessary to compute the momentum in the jet. Repeating the rea-
soning emploved to derive equations (23) and (35), the jet impulse is

X

m
J. p(Az/AN)f % ac = - D(Az/l\N)f % dx

g

bt
i

1
2
A—»xm /P/c./. (x/xm)zc -1 d(x/xm) (¢ £ 0)
xB/xm

e

(42)
1
= - prm fZP/ viog (x/x.) d(x/xm) (¢ = 0)
xn/xm
For the casc = 0, integration by parts leads to *
— 1 -
1. = oAx, /2r [xp/x, Vlog (xg/x,) - 7 1,1 (z = 0) (43)

wherc lo is defined by equation (40) and has alrcady been tabulated. Average
thrust is then given by

* Care has to be exercised when integrating by parts, because of the indcter-
minancy in signs between 1/x and log x. While there are more elegant ways
of sclecting the correct sign (-'iI0 rather than +%Io), a quick check on a
modern clectronic calculator is perfectly rigorous.
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d(x/x)

Table 3. Values of the Integral I = - GWxix,)
CH 0 '/IOg (X/Xm)

X,/ X 1 =/2—I)—/x A

B "m m t:()U'I‘ xB/xm I = /ﬁ/xmA
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Table 3. (continued)
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" il'
T Y2 [V1oe x /x - I
C }f¥' e [(lﬁk_xﬂ/fm, Z}Xm/xu)}oJ (44)
“p oAl T ) 2 | .
/1 - (‘\m/XB) * V2 (Xm/xB) I0

For this same case of © = 0, we can compute the thrust from the impulse (cquation
3h) and the internal pressure, i.e.

S
av th Al
Then L
A - /n s 2 eg T
R LA R Ul
CT = /’ BN 1 -1 (45)
- (xm/xh) ¢ /2 (Xm/xB) I0

which reduces to cquation (11).

For the case ¢ # 0, we cannot reduce equation (42) to the form of 1, in (38),
so we have to solve the integral numerically. This has been done iﬁ Figure
20, in thc format

XB/xm

1.
xm)“’ 1 d(/x) (46)

N Vi3
bt S = 0 2c)/c/ (x/
1

so that the average thrust coefficient is given by

I

Cp = = ~]'-1_ e (47)
(xp/x DIV = (x /xp)" + ILJ
(Note that two apalytical results for IT arc
1 4 3/2
for¢ = 5 IT = (xn/xm - 1) (48)
s ey )
forr = i lT = 5 (xB/xm\ /{xH/xm) -1 - log ;; + (xB/xm] -1 ‘ (49)

Onc could now procecd to compute the pressurc forces on the closed end of the
enginc, as was done before cquation (45), and by subtracting equation (47)
from this, determine the average internal force on the nozzle.
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At the instant of boiler impact, the mass of wiater in the duct is WAXP. The
- . - . . 14

cnerey added to this mass of water when it leaves the boiler (with

velovity i,’] s therefore

. 1 2 L2
v = ,) (y.’\.\'}’)l(,\'”) - (XP) ]

= LAy :%-I(xﬁ/xm)zc - (- (xm/x“)zll (c#0)

? i
(50)
boac p b 2 dog (/e ) - 11 - (o /x0?! (c=0)
2 B AR m B | ’
fromw cquations (29), (32) and (33). It can he shown?? using these equations
that W is cqual to the kKinetic energy discharged in the jet.  The rnost meaning-

ful measure of "boiler efficiency” in this model is therefore
LW ;
g ® /\‘Q—l (s
where £Q is the heat released per pulse

J is the mechanical equivalent of heat.

So, knowing x, and P, and the heat input to the boiler, the efficiency can be

determined at once from cquations (48). It will be an under estimate, because
to achieve a given strohe (x,-x_) with a rcal viscous fluid, the boiler exit”
velocity iu must be greater than needed by an inviscid fluid.

The nost convenient parameters to wmeasure are x_ and the period - So using
cquations (41) to eliminate P in (50), we get

3
pA 2

X, T 5 2
. TR ]:l(xu/xm)zc-l] - (/%) 1; A= Gl v 107 )

— i—

n 2
B 2 )¢
20QJt,, | o)
3 S — X
pAX, . , _ _2“/_ 32, 1y )
I —)‘ 2 log (XB/Am) - [ (xm/*n’ l‘l'l (xm/xB) M) X n‘
2807t , e

In the same way, one can caploy cquations (41) to eliminate P from the thrust
cquations (44) and (47, giving

A6




8 20
. ’ \\R T | /; N /‘ )Z’ - (r 40
avo A LT R E A . 0
t,, R
- ; -
(55)
e 2]
AR X oo e oy x
B VAN ety 1 “m / 2 1 "m
= - 2 “log . /X R | - X =
S Y2 [Vlog ()B/\m) 2 X 0 e (\m/\ﬂ) ! V2N 10 ]
rl, B B
(¢=0)
Figure 21 shows that this correlates experimental data quite well. ‘the longer

the strohe, the further above the theory line are the experimental points, as
would he expected because of the greater skin friction in the longer, faster
stroke.
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REAL FLULD EFFECTS

Tthe "steipped” Roundary Layer

As shovn cariter in Figure 8, the slower noving boundary layer water is "left
bchind™ on the outstroke, and on a long engine, has time to collect in the
bottom of the duct before being picked up by the returning water columi.  As
would be cxpected, considerable large scale vorticity is developed in the head
of the returning water column, as it "rolls over" the puddlied boundary layer

water.

We can compute the quantity of water left behind by assuming that the local

velocity in the pipe is given by

1/n

Sos - o/

where v is the local radius

R is the internal radius of the duct

u is the local velocity

V is the centre velocity

n is an cxponent determined from cxperiment.

Schlichting?! presents data which imply

n = 2.1 Rco'104

where the Revnolds number Pe = 2uR/v

=

v is the kinematic viscosity

is the average velocity in

{51

2
2n°V

the pipe = fijaffffléﬁj

Relative to the central velocity V equation (54) implies a volume flow defect

R 1

g}
2ur(V-u) dr 2mVR” i1

0 0

. 2 8nxl)
FORY Ay

nRz
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(1 - r/R}

1/n

stripped water volume/unit length

e .-

1(r/R) d(r/R)

(56)

- "S“’R”




- . - . . - . - “
It Reis computod using the "hoiler exit" velocity x o, and assuming a 200°F
water taaperitare near the intertace, then for a typical one-inch pulscjet,
voroas x 100 miesaee, Re - 100 1 o 808, SRR < 0L LS,

To check this result experimentally, a one-inch 0.D., 0,875 inch 1.D., pulse-
Jjet was built up from "Lexon" tube, using the tapered circular boiler with
center-heater (Drg. 12502163 of Figure 9(b). Total duct length was 85.25
inches, and a single action lever shut -off valve was installed 34.25 inches
from the boiler attachment flange face.

When the engine was running steadily, with all temperatures stabilized, mea-
surements of thrust, frequeacy and boller temperature were made.  Thrust was
measured by a force cell at the boiler, and also deduced from exhaust momentu,
the velocity being measvred with a pitot static in the duct, connected Lo a
high Frequency strain gauged diaphragn differential pressure transducer.

Both siznals were strip chart recorded and subsequently intearated by hand.
The det velocity result woas regarded as the wmost accurate, since it did not
have the Targe "impuct" spike (and subscequent "ringing') measured by the

force treansdacer during the short period when the water column is impulsively
reversed in the boiler. Frequency was meuasured with a stop watch, and average
hoiler tegperature by a thermocouple recessed into the boiler wall.

The shut-off valve tocation was such that the steam/water interface travelled
well past it. So having taken the other measurcments, the test engineer
closed the valve while the interface was near its maximum travel, and then
switchod of £ the heat and waited for the engine to cool. The water trapped
in the duct was sobhsequently drained into a measuring cvlinder.

Becavse the addition of detergent to the water was known to change the opera-
tional characteristics of pulsejets, the tests were run at four different
concentration ratios (including zero)} in an effort to sce whether the prescnace
of detevgent modified the "SWR."

The "steody-state' boiler temperature variation is shown in Figure 22. The
data border on statistical randomness, but a line has been drawn because, for
wany engives, in sone years of expericnce, the boiler temperature alwayvs in-
creases when detergent is added.

The thrust and period are plotted in Figure 23, and are scen to be much more
regular as functions of concentration ratio.  But the stripped water volume,
plotted in Figare 24, is again very scattered, so that the suggested reduction
in "SKPY with increasing concentration verges on hypothesis,

Not counting the hoiler cavity, the volune of the pipe "upstream” of the valve
wan 2006 in? - 337 0 moliters. Thus for water alone

USWR'™ O~ 30/357.06 0 = L0R9

or only 60% of the estimate based on cquation (56).
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(Total value is obtained by adding 2 al to figures plotted above,
to allow for fluid which did not drain out during measwremnents,)




There are, of con

()

(b

oy ovevera) factors which moy nccovnt for this discrepancy.

The heid flow o tmpulsively reversed by the boiler,
instead of beiny steady ctate. So the exponent noin
cquaticn (G1) may have o hicher value, cspecially close
to the hoiler,

Fluid turbalence is probably greater than for "novmal”
f'low, because of that induced by "picking up™ the
stripped water during the instroke towards the boiler.
This would also have the effect of increasing n.

Abthengh meving wore slowly than the interface, the
stripped water is generally mo.ing outwards, particu-
lovly that vhich is close to the valve., Thus, the
quantity capturced shonld be somewhat less than the oxpected

value.  This cffcet, coupled with
at preciscly the same time in the

not closing the valve
cycte, may also account

gy

for some of the scatter “n Figure 24,

Having said that, it still scems Tixely (froa Figure 21) that the presence of
detergent further increases the exponent n to give 2 thinner boundary layer.

The prosence of the stripped borsdary layer clearly modifies the dervivation
of the cquations of motion from cquation (12). Referring to Figurce 25, we
assuse that an annulus of water, of thickness &, is left behind, and boecomes
stationary.  On the ontstroke, at an interface position x, the volume \’l of
the water coluen will be

" - . . . — - 2 - - -
\1 = 2eRA(x '\min) = RE(x XI))
(57)
and / 5
\2 R ‘i
Very closely, Vl will be moving at a speed i“, so the equation of motion
becomes
W2 - d o L vk e v e v §
' B PO P T | 20
T 2 N (( \\)
REUK XA R x.\]) 3
From equation (57)
Voo 20Rax W25 - %) (50)

1
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INSTROKE (dx/dt>0)

2o Flaid confirouration s assumed in determining the equations of
motion with @ stripped bomdary layver.




X[ - 208/

. . ¢ 2 .
= b - 2(8/R NN 4 208/ Ry (x) T (6m
Py vill still be related to po by equation (G},

i (8]
For the instroke

- (1_>_N —__v') _d
I3 dt

=1
=
H
i
+
1]
1
'
'
i

(mxp) =V # Vodxy + (V) VX

. X . g
[2aREx + mR % fx )+ uR“xkn

[0 - 208/R) 1 [x% - ()7 o (6)

H

The "SHR" earlier defined by cguation (56) gives

23 - QDN
T = SWR
so, based on the experimental data

2 = 0.09

»6,
R
1 - 2(&4/R) = 0.91

so that while measurable, the effect of the stripped boundary layer is not
major.

The complete equations of motion will contain, in addition to those above,
tern accounting for skin friction, which will be discussed later.
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intraraed e

Buanbles and Cavitation
One would not oxpect water to contain meh dissolved gas. Some typical solue-
BPility Pigure-o byovolune, are oiven boelow:

For o Witer Teaperature of 3A°F 6R°F 212°)
The Solubitity of Air is 0.052 0,020 0.012
Nitrogen 0,020 0.017 0.0105
Oxypen 0053 0.034 0.0185

Carbon Dioxide 1.87 0.9 0.26

From the beginning of pulscjet development, incondensible gas release during
bhoiling has posed o nuanher of problems, and the quantitics of gas released have
sceemed greater than wight be suspected from the table above, assunipg that only
dair o is dissolved in the water. Pool-boiling measurements of the water used

in our lahoratory have shown dissolved gas to water volumes as high as 0.16;

a figure not inconsistent with the huhble volumes sceen in Figure 8.

It scems clear that dissolved gas is released when stean is made, and that the
pas is initially mixed with the steam.  Since the interface may he very irregu-
lar., when it 1s close to the boiler, it scems likely that at least some of the
pas enters the water at this time, but the precisce mechanism is not yet known.
Once some gas is in the water, in the form of a bubble, it oscillates along
the tube with the surrvounding water. During this oscillation, fairly complex
forces act on the bubble.  Tts size changes with changes in the local statice
pressure, resulting in changes of its associated virtual water mass, and a
viscous drag force acts on it as well. Experimentally, it scems that the net
effect of all these complex forces is to cause the bubble to migrate towards
the exhaust end of the duct, where it cither re-dissolves or is expellied.

The equations governing the bubble behavior are of some interest. The equution
for the tadius (r) of a stationary bubblc in an inviscid fluid was first solved
by Ravlcigh.”? A pumber of workers have extended this solution to include

surface tension and viscous terms, and the so-called extended Rayleigh equation,

in 2 form piven hy Seriven,?3 s
2 . Py - P
. b L
r q-f + Y(dr/dt)z RN (dr/dt) = - loemem (62
‘ pr pr n
dt
where
Py is the bubble cavity pressure

" is the ambicent liguid pressure
poois the liguid viscosity

o is the surface tension




Iox and n o ave the ordinates of the liguid and the bubble, its motion in an

v

inviscid  fluid is governcd hy“

17x . Ix
‘ fh 5dr i'p - 2 d?x (63)
2 r dt dt 2 v

dt
In o viscous fluid, there is an additional term due to bubbie drag, which arises
from the moving bubble's distortion of the fluid. I[If we use the formulation of

Moore” " to describe this, equation (63) hecomes
4
N3 fae 18\ 300 12| [ 1/2 d’x | sav dx
— o 2 ) e w2 w2y = 250 2805 (64)
2 r \dt r [dt 3 dt 2 2 dt
dt T dt T
The local static pressure p, acting on the bubbie can be devived from the
cquiations of motion for the interflace. The hubble cavity pressurc can be
calculated by assuining isothermal expansion* and compression so that
m
. b . K
ph = anr = r‘*‘,g RT = ‘-z (()S)
: 3 oar -~

where
R is the universal gas constant
T is the local absolute tempecrature
; . a 3
K = SmbR1/4np = PT, /o
™, is the mass of gas in the bubble

r, is its radius under pressure p,_

In principle, equations (62), (64) and (65) enablec the motion of a bubblc to be
calculated if the motion x = f(t) is known for the liquid. It may be that some
pulscjet configurations could have an oscillation x = f(t) which would cause
bubbles to migrate toward the boiler, rather than away from it, and that gas
trapped in the boiler would eventually prevent the interface from entering

and stecam being made.

For the small laboratory engines, the bubhle behavior near the interface may be
dominated by the turbulence behind the interface, an cffect not included in the
forcgoing equations. Necdless to say, the total picture of bubble/water
interaction is still very imperfectly understood. The relatively large bubble

* Plc..et?® discusses the conditions appropriate to cither isothermal or
~diabatic conditions in a bubble,

]
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volume also means that the water slug has a fairly low sonic velocity, and
should prohably be modelled as a compressible two-phase fluid, at least during
the boiler iupact phase.  High speed movies do in fact show that a pronounced
plane shock wave travels through the slug after each boiler impact.

Although in principle, the equations given permit the motion of a bubbhle in

an incompressible fluid to be calculated, they ignore another effect, which
probably has an important influence on the result. This is the finite com-

pressibility caused by the presence of the bubbles.

In place of the simplicity of equation (7), inclusion of compressibility terms
lTeads to the same equations as those used in the study of "waterhammer',?” which
have to be solved numerically by finite difference techniques; work well beyond
the scope of our present study. Also, as may he scen from Wijngaarden's?® re-
view, we must caploy a more complex representation of the bubble two-phase [luid
thun the compressible Newtonian noadel of waterhammer analysis.

One manifestation of this compressibility can be scen in Figure 26, which shows
the passage of the pressure wave which travels along the duct after the water
interface has impacted the boiler. A rarefaction wave follows immediately
after the shock front has passed, in which the bubbles expand greatly, and
others seem to appear from nothing. Possibly cavitation?

There is clearly room for much fruitful rescarch in this arca. A possible
way to start is to separately attack the calculation of bubble migration in a
representative, cxternally imposed velocity and pressure ficld, and to solve
the compressible fluid columy motion problem using the methods developed for
waterhamner analysis.

This would imply, for cxample, that if the boiler deccleration length were
negligibly short, the maximum pressure during the boiler impact phase would
be limited to*

ap = palxp - X)) (66)

wherc

a = 1/Yp(1/K + DC,/Eb) (67)
where

p = fluid mass density

b = pipe wall thickness

F' = Young's modutus for the pipe material

b = pipe diameter

K = bhulk modulus of the fluid

* Sce pp. 30 of Reference 29,
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Figure 26. These sequenced frames
from a high speed movie show a
low pressurc wuve moving from
left to right, as exemplified
by the enlarged bubbles or
cavities. Film spced was
approximately 1000 frames/sec.
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Cl is a constant which depends on details of the pipe fixation
5/4 - o for a pulscict
= Poisson's ratio for the pipe material
Rough order of magnitude figures are o = 1.8 slugs/fts, ;P = 20 ft/sec,
X, = 40 ft/sec, a = 300 ft/scc.
apos 32,400 ¢ 15.3 p_

which is certainly adequate for good thermodynamic efficicney.”

There is clearly a nced for more detailed experimental observations of bubble
behavior. Some can always be scen energing from the duct exit during the out-
stroke; and subjectively, the shorter the engine, the greater the volume of
bhubbles.  On the other hand, the reliability of engine operation can he improved
by placing "blceders™ in the boiler attachment flange. These are small pipes,
1/8 inch 1.0., which may cither project *nto the engine duct, or he flush with
the wall. The optimum location for these blceeders will be discussed later, but
in this condition, they discharge gas bubbles and engine performance is improved.
This would scem to indicate that some gas does not naturally migrate away from
the boiler, but stays close to it, and somchow impedes boiler penetration by
the water.

The Effect of Detergent

At an early stage in pulscjet development, we were faced with a momentarily
baffling problem. A pulsejet had been running satisfactorily for months, but
a newly buitt one, of identical design, refused to function at all. It was
eventually decided that the internal surfaces of the new one must be greasy or
in some other way contaminated by the various forming operations, and that this
was the reason for the differcnce. (Rhodes and Bridges3® found that the rate
of boiling of water on stecl was considerably reduced by a trace of mineral
0il. They also found that a little sodium carbonate could change film boiling
to nucleate boiling.) Pouring detergent down the engine enabled it to start
running weakly, and gradually, over a period of an hour or so, its performance
came to match that of its fecllow.

It was natnral, then, to sce what effect detergent had on the observable opera-
ting paramcters. The steam/water interface, for example, was no longer sharply
defined, but had a frothy "head" on it and, as we have alrecady scen, the addi-
tion of small quantities of detergent seems to reduce the thickness of the
"stripped houndary layer," and causes some variation in thrust and frequency.
In Figurces 27 - 29, we present similar data for a much shorter cngine which
runs at ahout 3 Hertz. ‘The variation of thrust with concentration ratio is
scen to be quite complicated, and depends on the angle of the duct to the
horizontal. This angle also influences the boiler temperature, but not the

operating frequency.  As indicated in Figure 28, there is initially a marked

* For an air breathing pulscjet, assuming sonic velocity in cach direction, the
same analysis gives Ap < 2yp., = 2.6 p,. This low value cxplains the poor
efficicency of air breathing pulscjets.
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The effect of detergent on cycle time and stroke, for the
conditions of Figure 27.
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DYNAMIC PRESSURE =+ pv2 IN LB/IN?

| l

s ! DETERGENT CONCENTRATION,

PARTS PER MILLION

|
i

1

i

| OUTSTROKE J

[INSTROKE

'
—

Figure 29.

02 04 06 08 Y

TIME IN SECONDS

Superimposed dynamic pressure-time histories from the experi-
ments of Figures 27 and 28. (Zero time for cuach case is
offset 0.1 sces for clarity). Runs 243-248 (7/31/75).
Multi-hole boiler; Temperature 275-310°F. Duct Angle -1°,
Duct Length 2.75 ft.

(Note: The change in slope passing through zero is thought
to be due to the finite frequency response of the
transducers.  Different  transducers were used for
instvoke and outstroke, since a pitot head s uni-
directional.)
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increase in stroke (X - xmin) up to about 50 PPM. Stroke is then constant to
90 PpM, after which it ' decreases so markedly that it does not emcrge into
the transparent portion of the duct. The dynamic pressurc-time histories

plotted in Figure 29 also show significant variations.

No data is shown for clear water because this particular engine would not run
continuously without some detergent being present. "Full power" (6156 watts)
was insufficient to hold the boiler at working temperature using clear water.

We offer these obscrvations without attempting to explain them. The detergent
may affect the heat transfer cocft1c1cnt in both boiling and condensing phases.
It may also improve the water column's '"capturc" of gases, so that migration
of bubbles away from the boiler is more reliable. The fact that the boiler
requires less heat input, for a given temperature when detergent is present is
possibly connected with the frothy "head" at the interface. That is to say,
less solid water penctrates the boiler, so that less heat is carried away
from its walls. Alternatively, or perhans concurrently, the presence of the
detergent in the water may- reduce the heat transfer cocff1c1ent

In experimental boiling of n-pentanc, Berenson"11 found that a clecan oxidized
surface had the same pool boiling characteristics as an unoxidized one, but
that exposure to the air greatly increased heat transfer, He also found that
the addition of a surface-active agent, such as oleic acid, greatly increased
heat transfer. Thus, there is precedent for our findings.

Berenson believes that oleic acid (or a dusty surface) influcnces pool boiling
because the contact angle is changed from 10° (for n-pentane on clean copper)
to spreading; i.e. no contact angle.

A Comparison Between Theory and Experiment

The impulsive pulsejet cycle equations presented earlier are compared with an
actual velocity time history (from pitot-static measurements) in Figure 30.
This comparison was made by using the observed stroke and frequency to deter-
mine the equivalent constant pressure P from equation (41), and aligning the
theoretical and experimental curves at the time (t) for x = x_. Because skin
friction is neglected in the model, the agrcement is worst on the outstroke,
when the velocity is highest. ' ‘ '

The general equations of motion, including a conventional D'Arcy friction
factor (f) term, have been programmcd for the digital computer, and in Figure
31, the output of this program is compared with the same experimental data;
again assuming constant prcqsure.: As for the simpler analytical model, it's
assumed that the boiler is a "black box” which accepts the interface entry at
velocity x, and instantly cxpels it at X,  The latter velocity would usually
be computed from an assumed or calculnth "boiler efficiency" .(defined by.
equation 51) but in this case x was chosen as-the value which gave the correct
stroke and froquoncy, in conjunction with a constant pressure., Agreement: with
experiment is scen in Figure 31 to be much better; possibly as good as can be
expected with the constant steam pressure aQQUmptlon, and at this stage in the
evolution of the technology, . . R Sy
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Wo o vcactude that the incompres<ible fluid pedel is penerally saticfactacy,
cacept Jduring the boiler impaet cvent, when it may boe pecrssary to treat it
v co pressinle, However, it deaht ful whether the comontional hfArey <kin
friction factor retationship is very relevant to the oscillating flow of i
pualscict. (.‘5«"\'13‘ Hies shosn this for Taminagr Clew, whon the fhaid i+ 0
<irceotdally. ) Theve is thorefove a case for vijne the spapler relation=hip

™

1 .
- 4 h R . - 4\..‘)\
‘Criction kF 2 (x)7 2Rx

o
where K, is determined from experivent; perhaps with an apparatus basced on the
"drinking straw” problem solved cavlier.  Also, whoa the duct length is leng
comparced with the stroke (as is the case with water pulscjet pumps) x may be
replaced by a constant x - (the mean value) which then permits the closed forn
“"inviscid" cquations to {)c used to obtain solutions.
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CTHERMODYNAMICS OF BOTLER TMPACT

Boiler Residence Ting

In order to detormine the heat transCerred to the boiler, we have to cstablish
a physical model of the boiler penctration, and of course, we have vet to
ohserve this in the laboratory. The simplest possiblce model assumes that the
interface will renain planar in the boiler, and that its motion is arrested

by compression of the steam and/or gas trapped above it.  Bat this compression
provess is very complex, since the gas/vapor is initially heated by the hot
walls, and may, at high pressure, reject heat back. So at the present stage
there js perhaps little to be gained by using a pressurce relationship more
complex than Ap = K(x - xp).

Stnce the deceleration tukes place within the boiter, the value of x in equation
(7) is not going to vary much, and can just as well be written as o constant,
Xy We also assume that since (x¥) is large, the velocity squared term in
cprition (7Y can be neglected.  (This implics that no norzle is fitted.) So

the cquation of motion in the boiler stmplifies to

K )
v . Ko ! N
X x (x )\H) (68)
B
or, writing z = x - Xpo z = x, etc.
sz Kz
dz PXp
2
1 -2 2 Kz
* - - = _— (9
S 5 (2 2p") Tox (69)
B
s0
Y A R S
z = /Cg + Kz /pr
Noto that 2 = 0 when z = Zon the maximum value, so
¢ - (2 /0 )7 (70)
Koom-oxg Gyl
So o ifon - oz/fz
n . t
N ‘de . _‘:B (lr
'/ 2 VA
1 -5 c
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o= sin (7B/?C)r (71)

and restdence tine

tR = 7!(ZC/ZB) (72)

If the heat transtfer coefficient and the temperature difference AT (wall to
water) are constant, the heat transferred in one penctration is

tour .

Q = hAT2oR [ = dt = ZTrRhA']‘(zi/EB) sin 6 do = 4nRhAT(:§/§.B) (73)
(¢ 0

For a typical engine z, = 20 ft/sec, z = 0.4 ft, AT = 220°F,* R = .0286 ft

and the experimentally determined heat transter is 1.65 Btu/pulse.  For
this case
0. 44

tR Sy T L0063 scces

. L5 x 20
- T x 028G X 220 » 5
47 x 0286 x 220 ~» (0'4)2
= 2.061 Btu/ftzscc.°F
= 0301 Btu/ftzhr.°F

Actually, we shall suggest later that the water is only in contact with the
boiler wall during the instroke, except possibly for that near the boiler
entrance when the interface is near maximum penetration. Also, an insulating
steam laycr may be present for the carlier portions of the instroke. If these
hypotheses are correct, then the true value of h may be significantly

higher. Finally, the assumed boiler penctration of 0.4 ft may be too high.

1f it proves to be less, this would further increase the vequired value of h.

Nominal values of h up to 12,000 Btu/ftzhr.°F have been observed on some
engines, ang this is considerably greater than is usual in the heuat transfer
litcrature for pool boiling. It therefore is important to understand why
this should be so.

fleat Transfor Estimates
We start with the assumption (to be discussed move fully later) that water

i< in direct contact with the boiler wall during penetration.  Then a conven-
ient way of computing h is to usc the Reynolds analogy. This is in agreement

* The boiler temperature was 370°F. We here assume 150°F for the entering
watcr, but it could he anywherve between 1307 and 200°F.
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poois the Higuid viscosity

I

with exnerirental
unity, " e

where
CP

U

k

the s

is the specific heat at constant pressure

is the

irtace tension

data for fluids (such as water) having Prandt)

ahsolute (or dynamic) viscosity

is the thermal conductivity.

The Reynolds analogy leads to

] . .
e St. = (the Stanton number)
pCpu
where
f is the conventional D'Arcy friction factor

D

hp
For a smooth duct,

L
v

Since
Re

hh

The variation of £ Re with Re is plotted in Figure 32,

1 .22
= Ap/sout (L/D)

is the mass density

is the averuge fluid velocity

is the heat transfer coefficient
is the pipe length

is the pipe diamcter

is the pressure loss over the length L

the Nikuradse cquation gives

i

2 1ogm(~’f Re) - 0.8

. oub_oubo
v i
“CP

= ] (Re )
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diatatic conditions in a bubble.
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* See pp. 30 of Reference 29,

Other eguarions in widespread use for forced convention turbulent pip. flew
are the Coltarn caaation, the Sieder Tate cquation, and the Dirtus-Boelter
relationship®

‘ . 0.8 0.4 _ ,
('\u)h = U.()?_S(Rtlh (pl"lh (= hh/K)
Substitutring k = Cpp/Pr
W = (1,023 (;PU(R’_‘)U.8“.1‘)‘().6 (75)

This is also plotted in Figure 32, as a check on the analysis.  Agrecment is

seen to bhe very good when Pr = ].(').
Now for
Temperature - 60°%F 200°F 300°F A00°F a40°F
uC,, (RBtu/hr.ft.°F) = 2,718y 0.7418 0.4623 0.3596 0.3302

At the temperaturcs associated with a SWPJ boiler, uCP + 0.4 therefore. Then
for
Re = 4 x 107 10" 107 10° 10

hb ~ 7.8 15.0 88.5 580 4050 (Btu/hr.ftzc'F)

Now consider 200°F water entering a bhoiler at 20 ft/sec. For

D = 0.1 1.0 10 inches
Re = 4.8 x 10" 4.8 x 10° 4.8 x 10°
£ Re** = 9.7 x 10° 6.2 x 10° a1 x 10
W - 48.5 310 2050
h = 5820 3720 2460 Btu/hr. f1°°F

* The suffix "b" refers to the bulk of the fluid.

** Taking f for a hydrodynimically smooth wall. Practical boiler walls are
rougher than this.
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These heat transfer values are of the same order as we observe cxperimentally.
Greater than novmal turbulence, due to the stripped boundary layer watcr, may
explain why the caperimental valucs ave somewhat highoer,  Note also that
increases with surfuce ronghoess; by as muach a5 an ovder of magnitnde at large
Re. Y Thus the heat transfer in a Swpd boller is adequately explained by
existing theory, once ve recognize that steam will not form until the water
columr has reboun led, because local pressure is higher than the vapor pressure,

Howoever, a cautionary nete should be sounded.  In a typical one-inch dianeter
pulscjer, the hest transferred per boiler impact is of the order o 2-3 Btu.
Tf all this were used to make steam, the steam weight/pulse would he

Q 2.5
v B AR .
b T 1200 0021 b

While in the compressed Hiquid stage, the corresponding volume of water is
0.06 in®.  This is small compared with the total volume of, say, 4 in? in u
1" x 5" stratght boitler. In fact, it represents an outer annulus which 18
onlv four thousandths of an inch thick. Duce to losses in heating water which
is not turned to steam, the annulus of "usceful” water may be even thinner
thau this; perhaps less than a thousandth of an inch. Thus, conventional
{quasi-static) ideas of heat transter may sonctimes misiead us.

oiler Gycle

As a reference peint, it is instructive to first consider the Savery punping
cycle, in which water is expelled from a vesscel by steam pressure, and a fresh
supply drawn in as the stcam condenses. The idealized cycte for this is
presented in Figure 335, and the efficicency can be obtained dircectly from the
steam tables. 3%

Let H = steam cathalpy, Btu/1Dh.
e 3
v = steam specific volume, ft*/1b
§ = total stroke or travel of the water
A = duct cross-sectional arca
Py = steam pressare during discharge
p; @ steam pressurce during induction
J = mechanical equivatent of heat

The mmount of steam reqguived to discharge the water through the stroke 8 (fron

b to ¢ in Figure 33) is

NS W Ag/vn b
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* For an air breathing pulsejet, assuming sonic velocity in cach direction, the
same analysis gives Ap - 2yp,. = 2.6 p,. This low value explains the poor
efficiency of air breathing pulsciets.

4
PRESSURE
bo | b__ WATER IS DISCHARGED 5 .
Paol- .. . __ __ _ _ AMBIENT PRESSURE Pw

A Y

w

Q - N 0

S| USEFUL  WORK = AS (po=py) 2

w

5

o o

| T3

'—

2

2 2

o i

2 K4

=

[

w

7 WATER INTAKE
@ — - -~ AS . ]
! | voLuMe

Vmin Viin * AS

Figure 35 ‘The Idealired Static Savery Pamping Cycle.
(The pumping enpine patented by Thomas Savery in 1598 was
widely used in the last years of the seventeenth century,
heing dispiaced by Newcomen's cngines (patented 1705) after
about 1710, The subscequent improvements introduced by Janes
Watt started to become available after 1770.)
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The heat ¢oquive! to make this stemn is
b= (ASSv xdl - e
Hhy (A '\OH(\ H* )

where 1" is the enthalpy of water at an appropriate temperature; cither that of
the condensing stean. or that of <ome outside supply source.  In practice
there is littie difference between the two, and Figure 34 is drawn for the
first case.

Since the usetfual work done per cycle is

o= AS(p” - p,)

1

the officiency of the cvele is

i Volbg - Py
N L i S
, Jit, I T

As shown in Figure 34, the cofficicency of this cvele is quite low.

Novw. consider the Rankine cvele in Figure 35, where steam ts made or admitted
for only part of the cycle, and expands to do additional work. (This cycle
was fivst employed by James Watt). For the water to be completely discharged
without Kinetic energy in the discharpge

Vit s
(p-p)dv = 0 = AS¢(p0 -p) oA (p - p) dy (76)
MIN 4S
As<uming isothermal expansion
P o= py(95/y) (77)
Making this substitution in equation (76)
S
6S(p,, - P ) - (1 - $ISp_ + p oS dy = 0
2Py » len o v
¢S
Py
b 1/¢f1 + log (1/43] (78)
and
P,
b T (/e /e Tog (1/9)] (79)
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VE TERGENT COUNCENTRATIUN, PARTS PER MILLION

The effect of detergent on cycle time and stroke, for the

Figure 28.
conditions of Figure 27.

63
o Po =100 LB/IN% ABS (DISCHARGE
IDEAL 8%~ AGAINST PRESSURE)
THERMAL — ——

EFFICIENCY 6%

Po=Pe = 14.696 LB/IN? ABS

(DISCHARGE TO
ATMOSPHERIC PRESSURE)

o 1 ! | L L |
0O 2 4 6 8 10 12 14 I8
SUCTION PRESSURE, LB/IN? ABS

Figure 34, Ideal Savery Efficiency for Wet Stean.
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4
STEAM IS MADE OR ADMITTED
AT CONSTANT PRESSURE
STEAM EXPANDS

A ISOTHERMALLY

|

— _ - - P
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] Y
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P sA CONDENSES
| — —— P
- b — SR - J S ——
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experiment is scen in Figure 31 to be much better; possibly as good as can be
expected with the constant stoam pressuve assumption, and at this stape in the
evolution of the technology.

65
The usetnl work done is
7 A '
) Vi Vi
W p oAV (p - p,} dv+ (., - pl)dv = AS(p - p]) (as before)
CYCLE o v
Lt Vaix RYTTAY (80)
The anount of steam required is
. - AGS
‘is = (,—' Ih
The heat requived is therefore
4S
neo= M e
I v o]
0
So the efficiency is
v AS(p_ - p,) v (p - p,)
(¢} o 1 oo
no- o= 8 e (81)

JAd)S(lI0 - H*) ¢J (Ho - )

wherce “0 is now bascd on

P
P, = ¢"[’1T%§‘(T/75ﬂ for isothermal stcam expansion
(82)
(v - 1) p,
= TN for adiabatic steam cxpansion
¢y -¢" )
where

vy = the ratio of specific heats

= 1.1 - 1.2 for wet stcam

As shown in Figure 36, this permits substantially higher efficiencices, although
at the cost of higher initial steam temperatnres,

The ecycle efficiency of present day water pulsejets is substantially Tower than

these values | presunahly due to the heat lost by the steam to the duct walls
and the stripped boundary Tayer.
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IDEAL. THERMAL EFFICIENCY

ey '
D3S/L4 NI (X)) HIN0B WOHH ivmv ALIDOTIA H3LVM :
35%[
30%
-1400°
25%
—350° !~
=
20% @
o |
[
=
—4300° w
&
(1]
-
15% <
u
o
—250°
|
<
Lo
Z
10 %
o - INITIAL STEAM
TEMPERATURE
d200°
SAVERY "
FFICIENCY
A OF FIG. 34
0 | 1 1 1 |
i) 0.2 0.4 06 08 1.0

Filyanre

36,

¢ =-INITIAL_STEAM VOLUME
TOTAL STROKE VOLUME

Rankine Pumping Cycle Efticiency for ) 0, assmning isothermal
expansion of the stcam.
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The Boiler Wall Temperaturc and Thermal Stress

When the water column contacts the boiler wall, it acquires heat from the wall
at a very much higher rate than the external heat supply. Thus, the wall
temperature falls as that of the water rises, as indicated in Figure 37.

In cffect, the thick boiler wall acquires and stores hecat while the liquid
interface 1s clsewhere, and that portion close to the surface discharges heat
“"capacitively" to the water when it renews its contact with the boiler wall.
The heat acquired by the water is not distributed evenly across the column
(unless its turbulence is very large) but is mostly retained by the water close
to the boiler wall, as indicated in Figure 37. (Note that the water need not
vaporize during the instroke but water at a given temperature will flash to
steam on the outstroke. when the pressure has fallen to the appropriate value.)
Since (as we shall prove later) the distance over which the temperature varies
appreciably (x' in Figure 37) is small in relation to either the radius of

the boiler or its wall thickness, we can use as a once-dimensional model two
semi-infinite slabs. Untortunately, even for this simplified model, we cannot
precisely calculate the temperature profiles without recourse to finite

clement numerical analysit, oecause the fluid is moving in-the y dircction,
relative to the boiler wall. Co :

At cach bo11er wall location y, we can estimatc the wall tcmperature from the
relationship3®

T = T - (7T )[erfe(n) - e(h“‘)’“ﬁ erfc (n+6)] (83)
vhere o q
fe(q) = 5= SSIPTURE T (S S
eTrrc\q = /;‘ C - /;‘_ e
q

n = X/va{é
g = h/ap/k
a = k/Cppg | |
T, = initial wali'temperdture BRI U A - , o
Tp = bulk temperature of the fluid el : ' ' ;

= wall temperature at~somevdistance x from the surface
h = Ffilm hcat transfer coeff1c1ent i7§y:57"7‘f‘]’ i Sl

6 = clapsed time.  3*$,  2,;KH»Jf

k= conductivjtyfbfffﬁefﬁali“
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¢ = specific heat of the wall

cooo= ospecific weight of the wall

The corvesponding stress in the material is approximately

£ = (34f1%3 (T, - 1) (84)
where B o= Young's modulus for the material
« = Poisson's ratio for the material
a = the thermal expansion cocfficient

The greatest temperature change and thervefore the greatest stress ocours on
the surface, where, from cquation (853)

To- T 2
,-o—~-—.-:5 = 1 - ef erfe(s) (85)
e -

This function is pletted in Figure 38. [If, for example, we take the numbers
used carlier to determine the heat transfer coefficient of h = 3756 Btu/ft~hr.°F,
and a total residence time of 063 seconds, we find that at 0315 seconds (when
the inward motion is stopped)

8 = 0.103, 'I‘0~T. = 220 x 0,103 = 22.7 °F

£ = 4762 1b/in’
nax

a stress figure which is not intolerable.  From Figure 38, factors tending to
incrcase the thermal shock are

. higher heat transfer cocefficicents

. tonger residence time
. smaller vatues of \/p_;;— (f.’;l: - )
(Nore that for Copper /;-»‘g-(f-l;-l.- -, 0093 hr]’llftz"l-‘/mn
Braas " N (A B }11‘1/2t'r?°F/Bt1|
Aluwinum " S B hrl/)ﬁ 2"1-‘/Rru
Stainless Stecl " ~ LNy hr]/"'ﬁz"l:/l*f“
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The Water Temperature Distribution in the Boiler

Since the change in wall temperature is only 22.7°F (out of a total AT of
228°F) a first approximation to the temperature distribution in the water
is obtained by assuming the boiler wall temperature to be constant. We can
then employ equation (83) if we know the thermal diffusivity (a) of the
water. For laminar flow of hot water (Tp = 200°F)

k = 0.39 Btu/ft’hr.°F/hr

Cp = 1.0 Btu/lb |

pg = 60.0 1b - -
Soooa = 0065 ftz/hr

In this model of the water heating, the highest temperature occurs where the...-. -

interface water is in contact with the wall. liere the pressure (from equations
68 and 70) is

S (iB/zc)zz (86)
where
z F X - Xp, the boiler penctration at time t
2o 7 the maximum boiler penctration
éB = the velocity at which the interface enters the boiler
From equation (71)
t = (z./2)) sin~1(z/z ) ' (87)
IF ¢ "B c

where the suffix IF denotes the interface.

At the point where the interface has been arrested, we have from equation (72)

A point in the column which is a distance q behind the interface has therefore
been in contact with the boiler wall for a duration of

A, RPN S

¢ - (2 /2 )1(0/2) - sin" /el (s8)
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Using this relationship with equation (83), we can calculate the temperature
distribution throughout the water at the instant of arrestment: and for that
matter, during the subsequent outstroke.

In Figurc 39, for the pulseject example previously used in this section, we
have plotted the water surface temperature at the interface, using equation (87)
to determine time, and equation (85) for the temperature. The corrcsponding
critical pressurc is read from the stcam tables. The simple linear pressure
rclationship for actual pressure (on which equation 87 is based) is also
shown. Insofar as this is correct, thc model indicates that some boiling will
occur just after entry because Pecrit > P- Then heat transfer will be reducced,
perhaps to a negligible value and will commence again when PepiT < P
and water is again in contact with the boiler surface. In Figure
39, we have not attempted to model this, but have assumed complete water con-
tact with the wall throughout the instroke. After point "A" in Figure 39,
Pepir < P until point "B" early in the outstroke. At this point, the water

at this tcmpcraturce would flash to steam. =~ 7

In Figure 40, we have employed equation (83) to plot the temperature gradient
in the water. The value of 8 corresponding to point "B'" in Figurc 39 is _
B = 2.35 (t = .033 secs). Since 2/ad = .0004882, the temperature risec above
the bulk (central) value is negligible at a distance of .00073 ft (.0088 in)
from the wall. This is comparablc with the thickness of the laminar sublayer
in the boundary layer, thus justifying our assumption of laminar flow values
for the water's thermal constants.

As an independent check on this conclusion, we aote that the example pulsejet
consumes 1.65 Btu/pulse. If all this heat werc ased to make stcam, the
corresponding compressed liquid volume would be .0383 in3. The internal
diameter of the boiler is 0.6875 in., so the surface area in contact with

the water is 10.37 in2. Spreading .0383 in3 of water over this gives a
thickness of .0037 in, or about half the value computed (for the quasi-
triangular temperaturc distribution) at the interfacec. Thus, the two results
arc in reasonablc agrecement. :

An Alternative Model for Water Heating

In the previous scction, we assumed that the heated water moves at the average
speed of the entire column over the boiler surface. Then we found that its
thickness was less than the laminar sublayer in the boundary layer, so that

it is hardly moving at all! This suggests that we should change the model,
and ascume that the advancing interface lecaves a thin film of water 'stuck"

to the boiler wall as it passes, so that the highest surface water temperature
is (for this model) attained by the water layer left at the entrance. And

so this is also where the wall temperature will be coolest. The concept of
"film resistance” is meaningless with this model; instead, we can compute the
water temperature gradient from the semi-infinite slab result

86 BESTAMMLABLECOPY



400 ‘ POINT AT WHICH THE —
} ' WATER FLASHES TO STEAM
w e e A TS A SRS S SRR GG e e e S| m— — —p r— oo
°
E1500""‘"
u
o
>
g
€ 500 __TEMPERATURE VARIATION
W IF STEAM WAS NOT MADE
=
00
0 0.2 0.4 06 08 Lo
L7
lIOr"_.._ __7__._.__.-_1
! T e —
00—~ -f --j-— R - s NUS————
~ B
SURFACE WATER _ ___|__—
CRITICAL ! FLASHES TO
PRESSURE | sTEAM |
IF STEAM ;
gOF— - WAS NOT ___..._ ____NO ____ _. .| <
MADE BOILING g
=z .
< |
9 CRITICAL
. PRESSURE
Z 60— B - —— Pegir -
u / ACTUAL
D [~ PRESSURE
a P
& q0 - 1
w
-
2
3
g BOILING POSSIBILITY
< 20 OCCURS HERE Ik S—
0
(0] 0.2 04 06 0.8 10
2. INTERFACE DISTANCE FROM BCILER ENTRANCE
Zc MAXIMUM INTERFACE PENETRATION
Figurc 39. Water surface temperature and pressure at the interface (¢-0) assuming

a constant boiler wall tempevatuee of 370°F (h = 3756 Rtu/ft-hr.®F).




S

1.0

© ).

1

05

1":—.—‘-—-
24/a8

1.0

1.5

2.0

Equation (83) plotted for varions values of the paramcters

uoand |

83

L s e ——




l MR = erfe (r) (89)

The heat added to the water (s approximately
dQ

2R pC

p | 0T dx

(q]

= 4ﬂRngpﬁﬁ3 (r - TF) dn

(¢}
HiRogCL (T - T)Va0 ierfe(o) (90)

where ierfe(o) = 0.5642 from ciror function tables.

Presumably, when po< poppes the thin layer ol water is lifted off the wall by a
layer of steam, and ‘ starts to move along the boiler until reattaching
when p > Pepyr

If we put the previously used values for the example pulscjet into equation
(90} to get a rough estimate, we find

Q = 0.51 Btu/pulsc, assuming t = .033 sccs

This is about one third of the measured input of 1.65 Btu/pulse. Perhaps the

discrepancy is due to the fact that the boiler wall is rough, with irregulari-
ties larger than the laminar sublayer, and to heat conduction along the pipe,

and hence to the water column.  Until this is resolved, there is little point

in attempting to computc the stcam pressurc-time history on the outstroke,

and hence the hoiler cfficiency.

It would also be desirable to model the boiler and water interaction more
precisely, taking account of the steady state heat flow to the boiler, and
the wall temperaturc-time history as well as that_of the water. The heat
balance integral trechniques developed by Goodwan?” and Zien?? should probably
he tried first, before facing the cost of finite difference schemes.

Flow in a Bleeder Tube
A bleeder tube is a small capillary connected to the boiler, or to the dJuct
ciose to the hoiter, the other end heing free, or immersed in water.  Tts func-

tion is to bleed pas from the boiler, particuluarly when the enpine is operating
vertically, and so is not sclf-purging.
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If wo assame that the flow in the bieeder tube is laminar, so that the D'Arcy
friction factor 1 is given by
6V 64y
Re -~ ad

£

then from equation (7), the cquation of motion for the water inside the tube is

p, - P . .2 .
ceeme sg(h - L) s xK o+ alx)T ok KXX 4 opx (91)

where  h is the vertical distance between the top of the bleeder
tube and its far end

I. 1s the tube length.

Since the hleeder tube is long in relation to its diameter, it seems reasonchie
to write a = 0 for invard motion as well as outwards. Also, the total movenuent
in the tube is spall in relation to its length, so we can replace gx with gl.
Then ecquation (91) simplifies to

::-}'-- - gh = (X + KL = P, say (92)
. . .. . -Kt (93)
et X = Pl/LL + (x0 - Pl/Lk)o
and . Kt
X o= X4 P]t/LK - (l/k)(xo - PI/LRIC (94)

During this impulsive period of the cycle, the velocity is changed from ;l to
Xgr 1€
. = .. - ’l q-r
XO hl 1/0LK (95)

where 1 is defined by equations (34) and (35). Thus from equation (93), for
a cycle period of t

p
X, = PJLK + (x, - 1/plK - P /lK)e‘KtP
1 1L ™ o y/ e
2 P IK - (/L[ X . o Kty (90)
¢ . - -Ktp
.. X, o= PI/LR (I/pEKA[L/ (1 -~ ¢ )] (97)

and knowing the values of the constants, one cian compute whether Xp = X, over
a cycle is positive or negative,
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Some cxperimental measurements of net bleeder flow are given in Figure 41,
obtained with a vertically operating pulsejet. When the net flow was into
the engine, it stopped running quite quickly. When the net flow was outwards
it ran stecadily and pulses or bursts of bubbles were seen to issue from the
ends of the bleeders cach time the main body of water was reversed in the
boiler.
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SOME EXPERIMENTAL OBSERVATIONS

Figure 42 contains typical traces of force and internal pressure, the latter
being measured at the boiler entrance. The pronounced "ringing" is due to
the impulsive naturc of the water column's reversal in the boiler.

The combination of shock loading with rapid temperature change prescents a
very challenging environment for the experimentalist. (We have also spent a
significant part of our budget on the repair of supposedly ru~ged transducers.)
There scems little hope of mecasuring average thrust from data such as Figure
42, and we changed to measuring the time-dependent fluid velocity ncar the
exit. One check on the accuracy of such measurcments was to scparately
integrate the instroke and outstroke records, to sce if they agreed together,
and with the stroke actually obscrved in the transparent duct. Unfortunately,
this docs not validate the thrust computation, becausc even a low frequency
response record will still integrate to the correct stroke value. However,
comparisons with our final solution did show reasonable agrcement.

The final solution for average thrust mecasurement was also the simplest. The
engine was mounted in a heavy "boat" floating in a pool, and the average thrust
was taken to be the "bollard pull," the latter being measured with a spring
balance.

At the higher boiler temperatures, the heat required by some of the boilers of
Figure 9 was morc than the 6250 watts available. In such cases, the boiler
was heated to a high temperature before the engine was started. Then the
engine was started, either by inserting a finger up the tail pipe and with-
drawing it rapidly (""hand starting") or by squirting cold water in through

one of the '"bleeders." Then thrust measurcments were made as the boiler
temperature fell, with results like Figure 43.

An indication of the boiler's thermal incertia is given by Figure 44. When the
engine duct is in the water, but is not running, power is switched off at

time t = 0, but thc temperature at the thermocouple station continues to rise
for the next minute, as the temperature gradients change to equilibrium. Then
it starts to cool off, most of the heat being lost to the water, it is presumed,
by conduction along the pipe.

When the power is not switched off, and the engine is started instead, the
temperature falls rapidly, as shown by the lower curve in Figure 44, until it
reaches a stable temperature. The power which would have been required for
stable operation is computed by differentiuting the curve, with results shown
in Figure 45. This is based, of course, on the relationship

%? = gg - '31 Cp¥y
heaters
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where W; is the boiler weight and €, its specific heat. Figure 46 shows that
the response time of the thermocoupsc 1s short enough for this methodology to
be reasonably meaningful.,

Figuve 47 shows the cffect of duct angle on thrust and power requirement for
the single hole boiler coated with scale. Continuous operation was possible
for duct angles between -3° (boiler high) and +4° when a blecder was installed.
The lower limit is closc to the point where stripped boundary layer water

can run into the boiler. The upper limit is perhaps connected with the
engine's ahility to purge itself of gas so that it can escapc around the duct
bend into the water column. Yet a month or two carlier, the same cngine

ran vertically (a = -90°) for substantial periods! Possibly, some leak
developed in the boiler, which only opened when the boiler was hot, and
thercforc defied detection. Alternatively, as will be mentioned later, boiler
wall scaling may have a pronounced cffect on engine performance. Perhaps the
engine operated in vertical mode while the boiler was clean. Certainly, it
vas considerably scaled in the later tests.

Figures 48 and 49 show the effect of some configuration changes. One of the
configurations - the '"phase valve" is illustrated in Figures 50 and 51. As
can be scen, the valve opens on the instroke, and it was hoped that this would
force a significant quantity of cold water into the steam fiecld and promote
rapid condensation. In practice, it had little effect on the cngine's opera-
tion, probably because the water flow was negligible compared with the volume
of the stripped boundary layer watcr,

Experiments with a steady stream of cold water injected through the nozzle from
an external faucet showed a very marked effect, presumubly becausc the higher
pressure gave a much larger flow. As the faucet was opened, the stroke
decreased and the frequency increcased. At high flow rates, the unit went into
"fibrillation,” the column moving with very small amplitude and very high
frequency, with no discernible thrust. Then, as the faucet was closed, it
returned to normal operation.

It's hoped that if such high pressure injection could be confined to the in-
stroke, more powerful operation (more thrust) could be achieved. We hope this
because, on "start-up,'" a pulsejet delivers about twice as much thrust as normal,
and operates at a higher frequency. Three factors could account for this -
colder stripped boundary layer water, less trapped gas, and a hotter boiler

wall surface. Phased injection of cold water should improve boiler penetration
and, hopefully, improve trapped gas purging, and it should incrcase the fre-
quency by reducing the duration of the instroke.

buring the experiments, a bifurcated engine was operated with a head of up to
six feet on its inlet leg, apparently without influencing its operation. The
frequency and stroke was unaffected by this head, so that the thrust (which
was not measured directly) was presumably unchanged.
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Figure 50. The Phased Condensing Valve System.
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e = ran

For comparative purpescs, the data presented can bhe converted to a more
familiar form of "specific fuel consumption” by rclating KW to pounds of
hydrocarhon fuel per hour (WF)’ i.e.

56.89 x 60 (KW)

ISR AEL A,

F 20,000 {(1b/hr)

Then for the multi-hole boiler engine of Figures 43 and 45

Boiler temperature = 270 300 350 °F

400 500 600

s.f.c (= WF/T) = 2.95 1.95 1.45 1.33 1.33 1.3%  1b/1b.hr.

(As mentioned bhelow, the Jowest figure achieved during this
0.45 1b/1b.hr. with a cleaned version of the same boiler.)
sfc, these figures must be divided by combustion and bhoiler

investigation was
To obtain overall
efficiencies.

Boiler Scaling

A thin deposit of calcium forms on the boiler wall3? after a few hours of

running. Scrapings of this have the following relative volumes:
Calcium 100% (probably carbonate)
Copper 10% {possibly an oxide)
Zinc 3%
Iron 1%
Lead, strontium and manganese 0.1%

In one series of experiments, the performance of a multi-hole boiler engine
was mcasurced before and after mechanically reaming the boiler to remove the
scale. As shown in Figures 52 - 59 and Table 4, its performance after reaming
was significantly improved. This may indicate that the thermal resistance of
the scalec is detrimental. Alternatively, the reaming may have made the wall
surface substantially rougher, which would also have increased the heat trans-
fer. It was not possible to follow up on this boiler to resolve the question,
because it developed a crack which put an end to its operational 1life.

For these cxperiments, the water pulsejet was equipped with a multi-hole boiler
and a bell mouth nozzle. The angle of duct incline varied from +6° to +12°,
depending on duct length. The thrust measuring devices included a total head-
static system at the end of the pulscjet duct and a thrust platc mounted in

the tank, six inches from the nozzle.

The total head-static tubes were connected to a differential pressure trans-
ducer whose output was recorded on a Honeywell Visicorder. A thrust plate

consisting of a 17-1/2" x 1" x 3/8'" steel beam with strain gauges attached,
and a 7-7/8 inch diamcter aluminum platc mounted on the bottom of the beam
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IN POUNDS

AVERAGE THRUST

301" /VGYCLE TIME (OTHRUST:AFTER BOILER REAMED OUT S
{OCYCLE TIME  [-JTHRUST: BEFORE BOILER REAMED OUT

e \ —-10.7
20-
|.0"

; : ,
o ! N L B | §
54 300 400 500

BOILER TEMPERATURE IN °F

Figurce 52. Runs 293-295, 333-334, duct length = 7.75 feet.
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AVERAGE THRUST IN POUNDS

/,CYCLE TIME (O THRUST. AFTER BOILER REAMED OUT

30~ \gycLE TIME -] THRUST: BEFORE BOILER REAMED OuT
START UP
N0, -08
—0.7
—0.6
2.0 —05
10+
!
(o] 1 ] 1 N 1 §
oJ\ﬁzoo 300 400 500 600

BOILER TEMPERATURE IN °F

Figurc 53. Runs 296-298, 335-338, duct length = 7.25 fcet,
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AVERAGE THRUST IN POUNDS

(\VCYCLE TIME ()-THRUST!AFTER BOILER REAMED OUT
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. i {
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! i |
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0 200 300 400 500 600

Figure 54.

BOILER TEMPERATURE IN °F

Runs 299-303, 339-343, duct length = 6.75 fcet.
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Figure 55. Runs 304-309, 344-348, duct length = 6.25 feet.
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BOILER TEMPERATURE IN °F

Figure 56. Runs 310-315, 349-354, duct length = 5.75 feet,
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Figure 57. Runs 316-321, 355-360, duct length = 5.25 fecet.
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Figure 58. Runs 322-326, 361-365, duct length = 4.75 feet.
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wias used in some of the tests. It was calibrated by clamping the steel bean
in a cantilever fashion and hanging kinown weights from it.  The output from
the strain pauges was also recorded on the Visicorder. FExcept for the runs
mavked Ystart-up™, data was taken only after all temperatures had stabilized.

The thrust Figures recorded with the velocity head before reaming showe

fhe tf t fig corded th t!} 1 ty head bef g sl d
generally good agreement with the "floating boat' data, which we take to be
unguestionably correct because of its simplicity.

As shown by Figures 60 and 61, therce is some trend to lower thrust, at a given
power level, as the length of the duct is decreascd.  And, in the shorter duct
lengths, and lower power settings, clecaning the boiler does not have much
effect on performance. The two longest engines were improved markedly by
boiler cleaning, cspecially at the highest temperatures, where their thrust

was doubled.  The best "steady state” thrust of 2.35 1b at 6250 KW corresponds,
on the c¢riteria used earlicr, to a specific fuel consumption of only 0.45
1b/1b.hr.

Figure 62 presents smoothed curves {cross-plotted twice) of the pulscjet
operating frequency. With the clean boiler, it can be seen that both duct
length and boiler temperaturc influence the cycle time; as is generally the
ciase, whatever the condition of the boiler. (This botiler has also been
operated at 5 Hz, using a 2,75 ft duct.)

For some unknown reason, the engine could not be operated when the boiler
temperature was in the range 375-475°F.

Thrust Plate Experiments

During and immediately after World War II, the thrust of air-breathing pulscjets
was often measured by a '""thrust plate' placed in their exhaust. This appears

to be unfeasible in water, as Figure 63 attests. “Ringing'" of the plate is
quite severe, but most of the error is thought to be duc to the large virtual
water mass associated with the plate, and the large scale vorticity generated

in the tank by the successive pulses from the engine.
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128

17 W s
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Figure 62.

Smoothed curves of cycle time, as a function of boiler temperature

and duct length, with the reamed-out, multi-hole boiler.
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THRUST FROM VELOCITY SENSING HEAD

Boiler reamed out; runs 333-369.
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CONCLUSTONS

The Mctlugh cycle is quantitatively explainable by the well-known laws of
thermodynamics, although much remains to be done hefore an adequate pre-
dictive capability for design purposes can be claimed.

While it docs not yet approach the efficiency of a conventional steam
engine, cycle efficiency may be adequate for some applications where

cost is more important than fuel consumption. The best mcasurcd c¢fficiency
corresponds to a specific fuel consumption of 0.56 1b/1b.hr (assuming 80%
boiler efficicncy) which is about five times the fuel consumption of a
diescl engine driving a water propeller producing 5 1bh/bhp.  Since pulse-
jet technology is in its infancy, this gap can presumably be narrowed.

The pulscjet has been shown to convey heat along an 0.875 inch I.D. duct,
up to 7.25 feet in tength, at a rate of 10 KW. There is no indication
that this is an upper limit for either heat flow rate or for length.

This performance compares well with conventional water filled heat pipes,
which typically choke at much lower power levels,
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