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MEASUREHENT OF THE AIR-FLOVW VELOCITY IN THE CYLINDER
OF AN AIRPLAVE EVGINE*

By Hermann Wenger

The investigation of the air flow in the cylinders
of reciprocating engines plays a very important part in
the design of internal combustion engines. The design of
the combustion chamber and arrangement of the intake and
exhaust valves have an effect on the turbulence of the
air-fuel mixture., Air flows were first investigated by
introducing filaments and observing the motion through
glass cylinders. The magnitude of the air velocities in
externally driven Diescl engines have becen measured by
Hintz (reference 1) and Geiger (refercnce 2), who deter-
mined the rotational component of the rotating air mass

Jabout the vertical ecylinder axis. Hintz found the local

velocity to fluctuate during the cycle between O and 55
meters per second for an engine speced of 200 revolutions
per minute. Geiger, in his measurements carried out on
a running Dicesel engine but mostly without fuel injection,

. found velocities of from O to about 25 meters.per seccond.

The velocity was found to increasc with increcasing cnginc
speed. Geiger found furthermore that the air velocity at
the instant of ignition has a decided effect on the qual~-
ity of the combustion. J. Ulsamer (refercnce 3) similar-
ly -measured the air velocities in his tests on an alr
compressor, For this purpose he madc use of a hot-wire
anomomcter,which apparatus will also be cmployed in the
present tests., Threc speeds were investigatcd: namely,
63, 128, and 172 revolutions per minute. He found veloc~
ities up to 12 meters per sccond, which occurred during
the intake stroke. The mean veclocity was likewise found
to incrcase with incrcasing cngine spced.

The object of the precsent investigation is to deter-
mine thec velocity in the BMW-VI cylinder of an externally
driven single-cylinder test engine at high engine specds
using the hot-wire method of Ulsamer,

*Messung der Str8mungsgeschwindigkeit im Zylinder ecines
fremdangetriebencn BMW-VI Flugmotors. Luftfahrtforschung,
OIS B  nioL, 1 25 Hiebies 120 * LI B9 himi,: B62 =75l
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a) Mcthod of Mcasurement with the Hot Wire

A thin metal wire was employed for measuring the ai
velocity in the cylinder. The method is based on the fa
that the cooling of an electrically heated wire by the a
increases with increasing velocity of the latter. To ea
air velocity there will correspond a definite wire temper-
ature. Since the dimensions of the wire can, within certain
limits, be kept very small, the mecasurcments will be prac~
tically free from inertia lag. With different arrangement
and - length of the wire mean values may also be determined
for various measuring cross sections.

1. Principles of Velocity Measurement with the Hot Wire

In tests carried out at the heat engine laboratory at
the Munich Technical High School, J.Ulsamer measurcd the
air-flow velocities in the cylinder of an air compressor.
The general principles of his mcthod will be described
briefly herc.

An electrically heated mectal wire is situated in an
air strcam. In the condition of equilibrium, the clectri-
cal encrgy supplied to the wire must be equal to that
transferred to the air from the surface of the wire. Any
periodical variation in the air stream must naturally be
followed by a variation in the heat transferred from the
wire surface to the air and hence also in the electrical
energy supplied to the wire, provided that the wire dimen-
sions’ are Sufficiently small foer it %o follow the perisdic
changes with practically no inertin lag. - Denoting the heat
ecnergy in heat units supplied to the wire in unit time by
U and thce heat yielded in the same time interval to the
air stream by Q, then in the equilibrium state the fol-
lowing equation must be satisfied:

Ui @ | D)
The supplied encrgy U is given by
' 2
U = 0.86 1° r (2)

where 1 is the current in amperes through the measuring
wire

and r, the resistancc in ohms.
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Now the resistance of the wire depends on its temperature,
aceording to the foll owingwoelation:

o= ol B,) (3)

where T, 1is the absolute temperature. Equation (2)
therefore becomes

U = @80 WT","0.) (4)

The wire is heated by the supplied energy, U. The vari-
able velocity results in a change in the wire temperature
and hence in the wire resistance. The latter is measured
by comparison with a precision resistance and the current

by means of an oscillograph loop.

The heat transmitted to the air stream (reference 4),
neglecting small flow velocities, is given by the follow-
ing equation:

a d e d w

In order to cvaluatc the above relation, there is re-
guired a knowledge of > temperature of the surrounding
Gl G The latter is also mcasured with the hot wire, which
is now cmployed as & resistance thermometor.

1=

In equation (5):
a is the diamecter of the wire (m);

L the mean heat-transfer coofficicnt for the cntire
wire surface (kcal/m? h ©C.);

the heat conductivity of the medium (kcal/mh O,

it

Nps the viscosity coefficient of the medium (kzs/m2);
Pms the density of the medium (kgs2/m4);

W the velocity of the medium at some distance from
the wire surfacec (m/s).

If T, 1is the absolute temperature of the wire sur-
face and Ty the absolutc temperature of the surrounding
medium at some distance from the wire, the mean values in
equation (5) arc defined as follows:
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where Y, (kg/mz) is the specific weight of the medium
at tempecrature T4,

m _ Tw - To

m Tw
1n ——
n To

(9)

o
and - g (m/s“}ls the aceccleration of gravity.

The function f must be determined expcrimentally.
There are o number of tests available on the heat trans-
fer of fthin wires. On the basis of the results of these
tests, the function f is found to De:

a d Fd pp w Jn

o = m(Re)® (10)

(-

The values of the coefficicnt m and the exponents
n° arc given according to J. Ulsamer in thc table below:

Re n m
For 0.1 < Re < 4 0.:305 0.875
4 < Re < 50 <4l .764

50 =S Reltiop 11000 D « 537




HiAsC A Techniecal ‘Menorandun Hoe+ 923 5

2. The Effectsof the Humidity ‘and sthe Direction of
the Air Flow on the Heat Transfer from Thin Wires

It was shown by J. Ulsamer (reference 3) that the
effect of the air humidity on the heat transfer from thin
wires may be neglected, the error that arises from the
neglect amounting to about £2 percent, which lies within
shailiimitsfof laceuraey "requilted tof fthe funetion £

In setting up the function f, the case was as-
suned where the wirc is situated at right angles to the
flow direction. It was found by J. Ulsamer (reference 3)
that the heat transfer is lowecred considerably with re-
duction in the angle o. For a ratio of the length %o
diameter of the wire ecqual to 400, the heat transfer with
the wire parallel to the flow direction is three-fourths
of the value for the wire at right angles. The transversc
position is thus characterized by the maximum power ab-
sorption. In the prescnt investigation, a still more fav-
orablec length to diameter ratio cqual to 1,300 was em-
ployed.

3. 0Objects of the Mcasurements

According to Hewton's law, the heat transmitted to
the air strcam is given by

§ = a P (Ty = Ts){kealfn) (11)
where F=mw & 1 (m®) and
A
a = -2 n Re®

Transforming equation (11) by means of equations (5), (6),
(7), and (8), there is obtained

Q :@(Tws TO’ Po’ """) (12)

Ve have furthermore equation (4):
¥ = 0.86 wideyly, (4)
Hor a condition of equilibrium, the elecetrical energy

supplied U in each time interval must be equal to that
conducted away Qi
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86 \J(ia, T‘.]) = @I\TVJ’ To, Po, .Vf) : (13)
abowe ‘cquation ‘the welocity w' ' of the air
computed by determining the following mag-

the currcnt in amperecs through the hot wire;

the absolute tempcrature of the hot wire;

the absolute temperature of the surrounding
air in the eylinder;

the air pressurc in the eylinder (kg/m®).

The above rclations hold accurate for the cooling of

a stcady air stream. They may also be ap—
riodically varying air flow because the thick-
oundary: ‘Layer at the wirec is vory. smalls

b) The Electrical Measuring Circuit
The measuring wire is used both as a resistance ther-
momcter and as a hot wire. As a thermomectcr, it scrves
for the measurement of the air temperaturc and as a hot

b

determination of the velocity. Her- -the lat-
the recsistance of the thin wire must be re-
ined by. the clecctrical mcasuring circuite. In

applying the wire as rcsistance thermometer, the wirc must

be very light
‘ of thc resist
‘ icasurc too h
peraturce ia t
rent cirewit

aeross @ wolt

voltage may r
Hilonie

where rloop

Tyire:

NoXa Iloop’

ly loaded in order not to incrcasc the value

ance by the Joule heating of the wire and “thus
igh a temperaturc. For mcasuring the air ten-
he cylinder, the wire is connectcd in the cur-
I (fig., l). 'The wire in scries with o scnsi-

tive oscillograph loop (Siemens and Halske, type V) is put

age divider. The magnitude of the rcquired
cadily be determined from the following rela-

= (rloop + Tyire) (nox Iloop) (14)

the smallegt 'volile of the resistance of the
) H
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ned by comparison with a

The regsistanecojitsesilif 158 dieitc i
rm, Hartmann & Broun.

crm
prelcision resistance of the fir
When used as 'a hot wire for measuring the wvelocity,
§l ds bommeeted 6 civewid IT (fig.'l): Hepe the wire is
puttiin serdics’ with @en escillograph’ Teop andf af precision
am r and connected to a battery of 4 volts, In ordcer
PR bhict viedibages of® the batbtcry® ol caixeaih® 11 ass con~
as possible, the storage battery is provided with
tanconduring: the cuntire’best period. Here again
stance. is deotermined by comparison with a preci-
igtance and the eurrent with the aid of' the pre-—
MmC ter,
hetlosedllogran is obtained in Hthe following manner.
Hlfegbn " ohe -registtanee box. is" connected to the eirewit T.
By 'inserting the proper values of the resistance, lines of
constant resistance, aad therefore lines of constant tem—
perature are obtained on the recording naper. The resist-
ance box is then disconnected and the wirc element switched
in. The resistance of the wire varies with the temperaturc
of the surrounding air in the cylinder according to the
elation

r = C,)(Tw) (3)

Additional heat is received by the wire by the meas-
uring current. Also, investigetion was madc to determine
how high the mcasurlﬂg current may be before the change
in heat resistance is practically zero. This was found
ol biet thelease: for . a current of 10 mAs 'The current msed
was half this value; that is, a maximum of 5 ma.

In obtaining the hot-wire curves, the wire must be
strongly lcadcd, since it must rececive a higher tempera-
turcithanu that of  the surrounding air in the eylinders
HeEwtthisipupposes it was connceted to eircult 11, Through
the! ehanges " in the air veclocity ®n thée eylinder, the rato
gfs cooling of the wire variese. This results in a change
in the wire tcmperature or its resistance and also the
power absorbed. The ealibration is the samec as with cir-
el it dept Mlhesrec iape: agaih’ obtained ealibratien lines of
constant recsistance and also of constant current, the cur~-
rent through the resistancc being mcasured with the pre-
elsdien anmeters The .voltage can thereforc also be obtained,
being given by Ohm's law:

E=1r (V) (55




8 W:AsC.A. Technical Memorandunm K No. 923

Thet power Suppldediito: themwires sy givien by

U= 0.86 i® r(kcal/h) (2)
The: voltage on the wire changes within certain limits
as a result of the voltage drop in the 1nstrument and lcad
resistances. Witk the wire placed transversc to the air
flow, the cooling of the wire is strongest, thc rcsistance
thus the lowecst and the current the strongest. The volt-
age drop will therefore also be the maximum. If care is
taken, however, to sec that the latter is small comparecd
to the wire voltage, as may be - done by kecping the in-
strument and lead resistances small, then the hecoat con-
duc'ted to the air stream, which h t is equal to the
.electrical energy supplied, is a maximum when the current
.through the wire is a maximum. The transverse air-flow
ase” is thus characterized not only -by the maximun curreatb
in the wire, but ulgo by the naxinum power absorption of
the Latter, If the rotio of the wire resistance to the
ingstrument and conducting lecad resistaneces were ccual to
about 1 or less, then the power nced not incrcase with
inercasing current but will evea decrcase. In the prces=
ent casc, the most unfavorable ratio was about 8.

Rigurc 2 shows the oscillogron curves for the wire
used as thernometer and hot wire. For the tecmperature
curves: about 10 cycles were photogrophed above onc another.
For the hot-wire curves, it is necessary, in order to ob-
tain the maxinun speeds for cach piston position, to ro-
tlatel thierwiire at “eizhthansliesettiotithie Bad il owis s [Nt i e
flow curves arc therefore obtaincd for different positions
of the hot wire in $the eylinder, thelcavelope of the Ean=
ily of curves at each position gives the maximum veloci-
ties as a function of the ecrank spgles The hot-wire curves
are also taken for ninc spindle scttings (from 20° to 20°)
for about 10O eyclese. This . gives altogether about 90 eyeles.
The curves for.any definite spindle sotting do not cowver
cach other but give a scattéered band which practically: co-
incides with the bands of the. other ecight spindlec settingse
The direction of the welocity vector durlag the individual
cycles connot be determined on account' of the strong scat-
tiering of the curves ath afdefiniteispindle sebting.

¢) The Measuring Ianstrument.
1. Construction of the Measuring Instrument

The wirc clement cmployed for the measurcments is
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shown in figure 3. A thin tungsten filament of 15 p diw
ameter is stretched betwecen the fork-shaped bent supports
of 1 mm constantan wire which at the same time serve as
curreat leads. The supporting wires must be made much
stronger in order to withstand the increased mechanical
stresses ot the high-speed cagine. Tt is nof posgible

-furthermorc, to connect potential leads of the same thin

tungsten wire since the thin wires could not be soldercd
hard or eleectrically welded. The wire was attached to the
supports in the following manner. A fine slit was first
notched in the 1 mm constantan wires and then filled with
silver solder. The wire below this slit was then hcated
until the solder attained the melting point. At this in-
sthant e *theshair wire was introduced intoe !the slit . .and the
flame removed., The wirec was then clamped by the con-
teacting silwver soldere. This method of attachment was
found to be very good. It was first tried with soldering
tine On account of the continuous tensile stressing of
the wire by the strong air current, however, the wire was
gradually drawn out from the soft tin.

The insulated supporting wires were led through the
spindle ¢ and cenented into the forward part of the
latter. The remaining portion of the instrument was the
samne as employed by J. Ulsamer. Only for attachment to
the cylinder the sleeve a was differcntly designed.
Figure & shows the entirc measuring instrument. The wire
element d 1is situated within the cylinder, At e, the
supporting wires arc fastened to the spindle c¢. The sup-
porting wire is then led through the spindle outward to
the clanps n. With the aid of the serew i, the spindle
can be displaced axially in the slcevc b. The graduation
on 1 gives a measurc of the displacement and the zero
position can be determined by a mark on the ring k. The
sleeve b 1is situated in another sleeve a in which by
loosening the cap screw f it may be rotated. The set-
ting is read off on the graduations on the disk g. The
pointe h marks the zero position which corresponds to
a flTOd position of the wire to the wertical. he rotat-
ing motion of sleeve b 1is positively transmitted by the
screw 1 to the spindle c¢. The measuring wire in this
manner rcccives two degrececs of freecdom: it may be rotated
about the instrument axis and be displaced in the direc-
tion of the latter, The slecve &a is then attached in
another sleeve. A (fig. 7), which is screwed into the

cylinder by means of the flange
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2. Simplifications Introduccd in thc Design of the Instrument P

On account of the finite thickness of the wire, the
agurcmeats will not be entirecly inertia-~free and thec ten=- i
ature of the wire surface will ‘be differeant from the
nperature of the wire axis. Furthermore, the wire tem=
ature will not be able cntircly to follow the air tem-
vtures in the cylinder In what follows, it will be
with the aid of the work-bJ HE. Pfrien (roferonce 5)
greot. an error in the most unfavorable case is to be
cxpected from measurcmcats with a tungsten wire of 15 p di-
amcter.

0000
HHEB"S
U, A

nigig oo B

5%

) i

s o
=
=
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For the ratio of the amplitudes of thc harmoaically
varying air temperature to the wire tempcrature, H. Pfriem
obtains the fTollowing melation:

Co

v/(W R S Zo)z | (

where 4, is the amplitude of the gas temperaturc (°C.);

—
Gh
~

to» the amplitude of the wire temperaturc at the
surface (°C.);

4o

W,  +bhe cyelic freguency of the temperature flues

suation  (Lfh);

9 i the heat fractien radiated:
z the time lag of the wire (h)

given by

= (¢] (0] o) . (17)
2 Qg

From thec above equation it may be scen that the lag
1 .5
zg becomes smaller when the heat transfer cocfficient ag

£

becomes larger. For the case .under consideration
(=

r. (wire diameter) S sa SO ES m

a0

¢o (specific heat) = 0.034 kecal/kg o Pl

Y, (specific weight) = 19,200 kg/m3, 1
Ay = 188 keal/m h °C.,

ap (the heat—transfer coefficient).
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In his investigations, H. Pfriem employcd wires of
0.1 mm diameter and found for the smallest heat-transfer
coefficient a value of about 800 kcal/m® h® C. and a maxi-~
mum value of about 5,000 kcal/m® h© C.:  For a wire.of di-

amelblenof O, L5 mn,, wsing ther relation

@1 i’"rl m Dise )
R e l (n = 0.5) (most unfavorable valuec) (18)

there are obtained hcav-transfer coefficients of about
2,000 and 12,500 kcal/m® h °C., respectively. The value
BENRE . 15 'then 2o = 1.224 x 1079 h (&y = 2,000 kealfn®1 °¢).

Figurc 4 shows the ratio of the amplitudes d5/tq,

.neglecting 0 as a function of the engine speed with the
heat transfer coefficient oy as parameter. The niddle
curve shows the error that occurs at aog = 4,000. For
this case, there is obtained at a speed n = 2,000 rpm a

maximun error of about 2.7 percent.

For the phase displacement € of the amplitudes of
the wire temperature with respect to that of the harmoni-
cally varying gas temperature, there is obtained the fol-
lowing expression:

W z
€= arc tan —— -9 (19)
; 1 + 04
On neglecting the radiation (JO = Oy there is then
obtained
tan € =w 1z, (20)

The values of € are plotted in figure 5 against
the cngine speed with the heat-transfer coefficient a
as paraneter

In our measurements, the following phase displacencnts
and corresponding heat-transfer coefficients were deter-

mnined:
14 a
(rpn) (kcal/m2 n °C.) g
500 2,000 =8
1,000 2,800 8
15600 &% 600 ! o8

1,800 3,900 i
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The values of ‘a - given in the above. table are the
lowest that occur in the complete cycle. On drawing a
horizontal in figure 5 through the point =n = 1,800 and
ag = 4,000, it may. be seen, when the line is trausferred
on figure 4, that the error can never exceed the value
of 2.3 percent, since the values in the above table all
lie below this line. The error must therefore be corre-
spondingly smaller and may be directly taken from the fig- |
ure. ]

It will now be shown that the temperature of the wire
axis follows the temperature of the surface with an error
of less than 1 percent. This will be true if

W ra°
= (o

For our case, there is obtained for the above expression
the value 0.000025<<1. The entire wire therefore heats
up practically simultaneously.

It is further necessary to compute the error due to
the heat conduction at the points of attachment of the -
wire. ©For this purpose, H. Pfriem in his paper also set |
up a relation:

[o
G ey .

th = l/'LO /’i b, dz = £y | 'Tflh('o O)
thal L v 1o

JwT (22)

ge
Al

For the values of 1,42 ag/To N =3, the value of
tanh(v 1,) equals 1 with an error of less than one-half
percent, and we thus obtain

r P
by = Bg Ll - | e 0T (23)
D lg 2
where 1,/ (m) is half the wire length and
2 2
p= ) —2 Jé  (wag)  (Lfm) (24)
e /AN
g Mo :
In figure 6, the expression (1 - 1/v 1,) 4is plotted

as a function of the rotational speed with the heat trans-
fer coefficient ay as a parameter, The error is here
practically independent of the speed and in the most favor-
able case amounts to about 3 percent.
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In deriving the above relation, the temperature of
the point of attachment was taken as the oriigin of ‘the
temperature scale. Actually, however, the temperature
of the supports lies much higher. It was further assumed
that the material of the supports was the same as that
of the measuring wire, In our casc, however, constantan
was employed, a material which has a very small heat-con-
Auesd o ‘socfficiont. # The Walues of (1 = 2fw 4,) 'plotted
l*efd surc 6 ‘are therefore mndor all conditions the moe®
unfavorable. Actually the values are far morc favorable,
so, that at a value of ay = 4,000, the nmaximum error may
be considered to be about 2 percent. Adding the error
due to the incrtia of the moeasuring wire, on ecrror read-
ing of at most 5 poerccont may be oxpocted.

dnile the temperatures are recorded too small by
this amount, the power dectermined from the curves is too
large. The power supplicd is determined by cauation (2):

U= 0.86 i® r(kecal/h) (2)

This is mostly transferred to the surrounding air flow.

A small portion is conducted away from the thin measuring
wire to the constanten supports. The nmagnitude of this
heat quantity is given by

At .
@y = X 2 F (25)
A X
where
At
—— (°C/m) is the temperaturc drop along the wire

at the points of attachment;

T (m®) the cross section of the measuring wire;

I

Ao (kcal/m h OC.) tl heat conductivity of the

ing wire

Assuming that the error through this hcat conduction
over the points of attachment is to amount to at most 1
percent of the cnergy supplied, then from cquations (2)
and (25) the nccessary rcquired temperature drop may be
detecrmineds

B . On0L % B8 3°. 9

B x . Do hi 2 8
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The maximum power supplied to the wire in our tests
18 08 kcal/h. There is thus obtained a tempcrature gra-
dient of

>

t

|

= 515,000° C/m = 515° ¢/mn

>
]

The maximum occuring difference .in temperature is
about 300°. The temperature drop along the wire is as-
sumed to be as shown in dingram B. The correct tempera-

ture is then obtained, %aking into account the error of

A
5 perceant, as 320 X 0 = 336° C. The temperature dif-
fercnce is then 316° and the temperature drop %—E =« ZLH°
X

C./mm.

It may be secn that the error of the power measure-
ment is below 1 percent.

In evaluating the measurcments, the errors discussed
in this scction werc not taken into account, since the
orror in the ocnd rosult (the magnitude of the air velocity)
in the most unfavorable case is no greatcer than the sum of
the individual errors which amounts to about 7 pcrccent.

his is 2ll the more Jjustified becausc the magnitude of the
air velocity for several cycles at a dcfinite point of the
cylinder fluctuates by a multiple of 7 percent.

II. THE TESTS

1. The Test Set-Up

A single-cylinder DVL test set-up, which cnables the
fnvestigation of various types of cylinder construction,
was cmployed. A BMW-VI cylinder with a diamcter of 160 mm
(6.3 in.) and a stroke of 190 mm (7.5 in.) was investigated.
The test cngine was cxternally driven by an electric motor
whose spced could be varied between 400 and 1900 revolutions
per minute. The compression ratio could be varied bdy the
raising or lowering of the cylinder support through a worm
gear in thce crank case. The mcasurements were carried out
in thc compression chamber of the cylinder. Figurc 7 shows
the cylinder with the mounting of the measuring-instrument
apparatus.
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A Uinﬁr al oscillograph of Siemecns & Halske was ecm-
ployed for taking the tcmperature and hot-wirc curves.
The: sproeket was directly coupled to the king shafli of
the test engine. PFor this purpose the spur-whecl on the
drive shaft of the sprocket had to be removed from tho
gear of the oscillograph. This had the advantage tha
the observation arrangement could be employed indep ende tly
of the photographing arrangement. It was furthermore pos-
sible to vary the exposure of the shutter. Normally the
shutter opens with the "instant exposure setting'" for a
revolution of the sprocket.. Now, however, it was possible
to adjust the rotational speed of the electric motor of
the oscillograph and hence the exposure time so that the
shutter would be open for any number of working cycles of
the tcst 6ngine. The curves on- the screccn could now be
better observed since they did not appear so strongly
drawn out.

For indicating,a DVL glow-lamp indicator was employcd.
(reference 6). In order to utilize fully the paper width
of 9 centimeters for a pressure rangec of 0 to 9 atmospheres,
the lever arm at the defleeting mirror was increascd. , The
rotational spced was mcasured by mcans of the DVL counter
stopping cvery two minutcs. Since the countecr was coupled
to the control shaft, the spced of the crank shaft was ob-
taincd.

2. Colibration of the Mecasuring Wire

Before soldering in the wire, the resistance of the
leads mcasured from the double~throw switch was determined.
and "found "“te be 0.85 ohm. Afteor atbtaching the 'wire, the
variationdef its resistance with tumpﬁrﬁburb was determincd
with o0il thermostats, For this purpose, the leangth of the
picce of wirc was mcasurcd under a microscopc with seven-
Bold 'magnification. The wire was then aged sufficiently
so that the resistance remained constant at tIM same tem-—
peratures ~The 'resistance in ‘the "0il ‘theormostat was then
determined in. the temperature range from 20° to 3009 ¢,

The dependence of the -resistance on the temperatue was
found €0 be linear:

r = ro(l + 0.00354 %) (27)

This value of the temperaturc coefficicnt could: be employed,
in case one wire were broken, for the next measuring wire
if obtained from the same 'stoek as the others It was oanly
necessary to determinc each time the resistance per unit
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length at room temperature. This value varied for various
wire pieces within narrow limits, even if taken from the
same stock. The resistance per meter of the thin tungsten
wire of O0.l5-millimeter diamcter at room tempecrature was
about 430 ohms. The length of the measuring wire fluctuat-
ed between 19 and 21 millimeters.

From the above data, the resistancc of a definite
length of the wire could be plotted against the temperature.

rz

3. The Carrying-0Out of the Tests

The tests werce conducted for the following engine
speedss .n = 500, 1,000, :.%,5600; and 1,800 revolwliend pen
minute. .- The carburetor setting G was varied each time,
the sotting being 25, 50, and ?5. At G = 75, the throttle
of the carburetor was completely opened. The cross secction
was about 15 ecm®. The scttings G = 50 and 25, correspond—
cd to cross scctions of 10 and 5 cm®. At the carburetor
sctting O (closed carburetor, idling engine) no measurc-
nents could be taken becausc the wire always broke after

a very short time. The jacket-water temperature ti = 13° C.

1!

and the comprcssion ratio € 4,891l were in these tests
hecld constant. In the mcasurcments with =n = 1,800 rpm,

G = 25, 50, ‘and 75, € = 4,8, the Jjacket-water tempcrature
was incrcascd to ti = FIBIONEE In the further mcasurements
n = 1,800 rpm, G = 25, 50, and 75, tj = 13° C., the com~-
prb531on ratio was incrcased to € = 5.8.

The measuring positions in the cylinder are shown in
figure 7, these being, for the compression ratio € = 4.8,
at 20, 40, 60, 80, 100, and 120 millimeters from the wall
and for €= 5.8 at 40, 60,80, 100, and 120 millimeters
from the cylinder wall.

here were first obtaincd the calibration curves for
the iair temperature ia the eylinder. This was done by con-
nccting the precision resistance box of Hartmann & Braun.
By inscrting proper values of the resistance, in our case
from 8 to 17 ohms, which correspond, according to the rc-
lation r = ©(T), +to definite temperaturcs, it was possi-
ble to draw lines of constant temperature. The mecasuring
wire was now coanected in. The latter follows the ftemper—
ature changes of the surrounding air and thus varies its
resistance. As a result, there is a change in the current
which flows through it., ~-The current is photographed with
the cid of an oscillograph loop. In order to obtain a
nean value over scveral cvecles,more than ten cycles were

l—]
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photographed. These curves in general cover each other
well., Only at high engine speeds does small scattering
occur which, however, extends only over the expansion
stroke and shows up in a slight widening of the photo-
graph line. 1In recording the air temperature curves, it
is not necessary that the wire be at right angles to the
air flowe On rotating the measuring wire, practically no
difference was found in the photograph.

In recording the hot-wire (velocity) curves, however,
it is necessary to rotate the wire because the relation
according to which the velocity is evaluated holds only
Fleizdsbhicr pos it ion of the wire transverse.uto she @ir streanm.
FPor this rcason, the measuring wire was rotated from 20°
to 20° about its transversc axis, giving ninc positions
in the cylinder. For cach position curves were obtained
for over 10 eyecles. Since, as previously mentioned, the
transversc air flow is characterized by maximum power ab-—
sorption, it is necessary to usec the envelope for the
evaluation. After recording these hot-wire curves, lines
of constant resistance (or temperature) arc again obtained
with the aid of the resistance box. Simultancously, the
currcnt flowing through the rcsistance is measured, being
reguired for the determination of the clectrical cnergy
supplicd.

By the foregoing mcasurcments, therec are therefore
determincds

Ty, the absolute tcmperature of the surrounding air;
Tyys the wire tempecrature;

q, (kcal/m h) +the clectrical cnergy suppliecd to the
measuring wire per unit length per hour.,

The last magnitude still to be detcrmincd, namcly: the
pressure in the cylinder, is obtained from thec indicator
diagram of the DVL glow-lamp indicator.

The mcasurements werc carricd out at the points indi-
cated in figure 7. In figure 8, the air velocity, at a

speed of n = 500 rpm -carburetor setting, & = %5, com-
pression ratio € = 4,8 and jackct-water temperaturec
ty = 11650 (5o o is plotted as a function of the crank angle

for the measuring positions 1 to 6, PFor measuring position
4, 81x -curves were rocorded; position 2, four curves; and
pesdEtions NiEse B4 5i8and 6, one curve each. The scattering




18 NeAoCoA. Technical Mcmorandum No. 923

of the curves at each position is so great that a band is

obtained for each measuring p051t10n whlch band practical-
ly coincides with the scatfering bands of the other posi-

tions. It is thus not possible to make out any dependence
of the air velocity on the distance of the measuring posi-
tion from the cylinder wall.

In the succeeding measurements, no separate evalua-
tion was therefore made for the various positions, a pro-
cedure which would be very time-consuming. Two photo-
graphs were taken for cach of the six positions in the eyl-
inder. PFrom the twelve diagrams thus obtained, the values
of To, Ty, i, and r were measured and the mean values
found which were then employed as a basis for the determi-
nation of the air wveloeitiese. The mean valucs of the air
velocities thus obtained agree, to within the slide rule
aceuracy, with the mean values which were obtained for a
separatc evaluation for each measuring position.

4, Analysis of the Test Results

.

The magnitudes measured in the preceding scction were
used in cvaluating the test results. According to equation

(2), g = 0.86 i® r 1is the heat in kcal supplicd per hour
per uait length by the wire to the surrounding air. With
the aid of cquation (11), the valuec 'of ¥ u is found to he
o d 1 -
N u-= = = T_ﬂ;__ (28)
N m Tl' /\11'1 9 w

With the aid of the gas equation and cequation (8)

d 1 I
Re= o ¥ i = et Y
Nm g R Mn in
o
Re de P
e =y (29)
w g R Nm Tm

Furthermorc, according to equation (10)

¥ u=n(Re)"
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The final ecquation for thce determination of the ve-
i¥eleil Gy SiishMhewe forie fobtainted as

{58 LT,
_— ’ Hu ] (30)
m

0

To computce the valucs of Nu and Re/w from ecquations
(28) and (29), there are still wvequired the mean hoat-trans-—
fler clopfilicicnt and the wviscosity of tThe air. These mean
valucs are defined in cquations (6) and (7). The heat-trans-
ferScloet fie lent, "aeeording  to Nusselt ) is

&) m
A . 0.00167 (1 + 0.000194 7) T s

117

il

1 +

The viscosity of the air, according to Sutherland (refer-
cnce 7):

Los L1od2ys o

(kgs/n®)
1+ 117/1 273

For both magnitudes, W. Husselt gave the integrals betwecn
O and T from T = 100 to 2,200° K.

-
i1
I~
.

TEST RESULTS

1, Maximum Air Velocity as a Function of the Crank Angle

The test results are all plotted in figurces 9-14.
Figure 9 shows the maximum air veclocity plotted against
the crank angle for the speed =n = 500 rpm, with the
carburetor scttings 25, 50, and 75, compression ratio € =
4.8 and Jjacketv-water tcmperaturc ty = 11% 6. Figure 1O
shows “the “same eurves for n = 1,000 rpmi figure 11 for
= SO0 rpm s and SEdcure 120 for o = 150800 rem. In fig-
ure 13, thec maximum air velocity is plotted against the
crank angle for n = 1,800 rpn, € = 4.,8; +t), = 75 and the
carburctor settings 25, 50, and 75. PFigure 14 shows the
SaNle ‘curved for " wi= 1,800 rpm, € = 5.8, "t ="13° G4 and
gasburotor setbings 25050, and 75,

The maxinum velocities occur during the suction period
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as is also to be expected. With decrcasing carburetor
sctting, the maximum of the curves shifts toward the bot-
tom decad center (1809 crank angle). The samc phcnomenon
occurs with incrcasing cagine spced. At the higher spceds
and small carburctor scttings, the velocities during the
exhaust period attain the samc values as during the suc-
tion pcriod.

Similar mcasurcments were made by J. Geiger (refer-
cence 2) on o 4-strokc-cycle Dicsel cngine at the spceds
n = 250 and 322 rpm. Hec made use of the dynamic-prcssure
method already applied by Hintz (reference 1) and Sass
(reference 8). With this measuring procedure, only the
rotational component of the swirl about the cylinder axis
can be determined. Geiger investigated principally the
effect on the swirl of a shrouded intake valve. Measure-
ments of the air velocities werc'carried out also without
the shroud. Plotting the velocities found by Geiger against
the crank angle, there is found in general a similar vari-
ation of the air velocities as obtained in our prescnt in-
vestigation. :

2. The Mcan Air Velocitices for the Scparate Strokes and

for the Complete Cyclec as Functions of thce Eangine Speed

For a more accurate determination of the dependcnce
of thec vclocity on the cngine spood, average values were
formecd for the separatc strokes and for the complete cycle.
Thesc arc defined as the heights of the rectangles whose
areas arc the same as those under the velocity curves ‘with
the samc basc length. These values are colleccted in table
I and are plotted in figures 20-22 as functions of the
engine speed for the carburetor settings 25, 50, and 75,

The mean air velocity increases with the engine speed
or with the mean piston velocity. The increase remains
in general always below the increase in the mean piston

speedl The maximum velocities always occur during the in-
take stroke. ‘

3. The Mean Air Velocities for the Separate Strokes and
for the Completc Cycle as Functions of the Throttle Set-
ting for Constant Engine Speed

In figurecs 15-19, the mean air velocity for the various
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strokes and the complete cycle is plotted against the
throttle setting at constant engine speeds. The compress
sion ratio € = 4,8 and the Jjacket water temperature

ty = ¥B° Q. « were held consbtanty In the same figures are
glso plotted the air v01001tles for an engine speed of
1,800 revolutions per minute, varying first the jacket-

L tempcrature t,, from 130 @rpo  75° v8cand then vghe
compression ratio € from 4.8 to 5.8. On increasing

the jeckut- water tempcrature, the velocities arc decrecascd
By Sirom 1O te 15 percentdilhie ‘inerease in the compression
ratio leads in gencral to an increcase in the wvclocities

by about 10 percent., This is due to the greater suction
dumin st Hle  intiake stroke.s During “the othern“stirokes, the
velocitics are also incrcascd as a result of the grea tor
lednetilc fonergy of the alr masses entering "the eylinde
Gencrally the increasc or decrcase in the mean v01001tlcs
remains within narrow limits.

4, "The Test Results of J. Ulsanmer.

J. Ulsamer (recfercnce 3) has measurcd the flow ve-
locitics in the eylinder of a slow-running air compressor.
at speeds of 63, 128, and 172 revolutions per minute. Fig-
urcs 23 and 24 show the air velocity plotted against the
eraak angles The velocity curves have thec same genera
chigraebey asifound in the prescant work. Je. Ulsamer also
finds the air veclocity atteining its maximum value during
the intake stroke, and decrcasing during the rcmaining
sttrokes of the cyele, In order to0 bring out more clecarly
the cffect of the enginc speed on the gas velocity, J.
Ulsamer formed the mcan valucs of the air velocities for
the separate strokes as well as for the complete cyclecs
These are plotted in figures 25 and 26. The mean air ve~-
locitics increase with the cngine speed and are approxi-
mately cqual to from five to scven times the mecan piston
velocity. Teking the corrcsponding values for the meas-
uring positions 7.5 and 70 millimeters from the cylinder
wall from figurcs 24 and 25, forming the mean values over
the intake and compression strokes and plotting in figure
21 the values obtaine d by Ulsamcr appear as continuations
of our curves for the intake and compression strokes.
Ulsamer, however, finds the voWOCity increasing at a great-
er rate than linear with the engine speed, whereas we find
the contrary to be the case, The mean values for the en-
tire cyvcle cannot be included since too high wvalues are
obtaineds  This is ‘due to the dJFferb 1t mode of operation
of the two engines. In the case of the compressor employed
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by J. Ulsamer, there is onc intake stroke for cach revo-
lution, whereas in our case, therc was onc intake stroke
for cach two recvolutions. Since, howevecr, the maximum
valucs of the weloecity occur during the intake stroke,
the mcan valuc over two strokes must be grcater than over
four strokes. The mcan valucs over the complete cycle
are not thercforec comparable.

IV. SUMHARY

The air velocity in the cylinder of a watcr-cooled
BMW-VI airplanc canginc was measured by mcans of a hot-wire
ancmometer. With this apparatus, mcasurcments are possibdle
also where therec is a rapidly varying air velocity and air
temperature. The mcan veclocity of the air over the wire
length for various positions of the wirc clement ia the
cylinder was measurcd, utilizing an oscillograph loop con-
nectiecd to a potential source. The effcect of the ongine .
speed, the throttle setting, the jacket water tempecrature,
and the comprcssion rotio oen the air velocity inm an -ex-
ternally driven BMW-VI cyliandecr was investigated. The ¢
variation of the air velocity over the cycle in all photo-
graphs showsthc samc character. The motion attained its
maximum velocity during the intake stroke, decreascd dur-
ing thc comprcssion strokc and increased again during the
expansion and cxhaust strokes. The effect of the cngine
speecd and the throttle setting was brought out by plotting
the mcan air velocitices over the scparate strokes and over
the complete cycle.

Pranslation by §. Reiss,
National Advisory Committeec
for Acronautics.
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TABLE I
{

n 500 500 500 L5060 20081000
€ 4,8:114,8:1(4.8:1(4,8:1/{4.,8:1[4.8:1
By 1n o S A LS (OIS I S O I L 05 51 8t R e Tt R R L)
G 25 50 7.5 25 50 75

Wi W Wi W W W
Intake 169711427 111042119194 208 832289
.Compression |14.71f 8.75| 6.50|16.42{14.44]15.61
Expansion Bl 6,4 6l L6818 94 1106211366
Exhaust ora 720 N6 8l A SOASINEQ 02 MO Rd O
Cycle 2ol NGB DIl 8 Tl BT IR AR S SHNIEB RI96)
n 15,5001 ,500) 1,500 1,800 L,8001,800
€ 4,8:1]14.8:114.8:1|4.8:1{4.8:1}4.8:1
b1 L. 501 L3 5 - 1300 | L4 08 An@n] 14 06
G 25 50 75 25 50 7.5

Ym YVm 'm W Wmn W
Intake 21.86/25.80(30.13|23.26}29.25|31.67
Compression |[19:76118.50}19,13|17.77]|20.84|22.29
Expansion L7082 1B 60 6T 527082118, 28 | 19502
Exhaust 21.60(16.,12|11.53|21.81|19.67|15.44
Cycle 2005095 62111970 208012265 | 2247
n 1,800/1,800(1,800{1,800({1,800/1,800
€ 4208 A BRI FA R S IR G 8 S RS S R D Fr S e !
ty 755 ON IR 7 50N INZ 50 08N &L 5NN TR0 58 N 355
G 25 50 405) 25 50 75

Wi W Wi W Wi W
Intake 21.78126.06|26.22[26.,06|29.76|29.44
Gempresisiiion 17052117 .05 129 31121 511119551 gL 05
Expansion 17.62116.16116.80:] 24,46 16298 119,75
Exhaust 18.99115,39]12.99|24.42]| 20.,92}18,00
Cycle 19.25{19,20]19:,02]24.33}22,70({21,.93
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63128 and 172 r.p.m.
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Figure 25,26.- Mean values of the air velocities over the separate
strokes and over the complete cycle.
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