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QATIO AL ADVISORY COMMITTEE FOR AERCHAUTICS

TECHNICAL MEMORANDﬁM NO. 614

"THE  TRANSFERENCE OF HEAT FROM A HOT PLATE TO AN AIR STREAM*

By Franz £1ids

Ehe latest reeeerches in theoretical.and experimental ﬁ&dro—
dynamics reveal.that the flow phenomena in fluide aﬁd in geses
past a solid body are restricted to a relatrvely thin layer -
the'"hydredyngmical boundary layer." These investigations ad-
vanced our{knowledge on the friction of fluids and gases in mo-
tion, ** and evolves new premises for the etudy of heat transfer-
ence-in Tlow phenomena: |

The transference of heat in moving.flﬁias ie by conduction
and convection. Whereas the fluld cleaves to the wall, the heat
mist obviously pass between this iayernend tpe soiid body analog-
.iC@l to that between two solids. Thie.postﬁlete is confirmed by
the complete absence of temperature jumps et the boundary sepa-
rating. the rluld from +he oOlld body ., *** Eren the propagatioh
oi heat. in Ilurds reveals.a certain type of conduction. In the
physical representation and in the mathematical formulation we
distinguish between heat conduction oy "molecular" transference

il LTS

and heat transmission by "molcl" notron.

~ *UDie Wﬁrmeﬁbertragung einer gehieizt en Platte an stromende
Luft," from Abhandlungen aus dem Aerodynamischen Institut an der
 Technischen FHochschule Aachen, Ho.- 9, 1930; pp. 10-39.

~*%1,, Prandtl, Reports of the Third Internetlonal Gonwress for

' Matnematlclqns, 1904, p. 484.

~ Th. v. Kérmdn, "Laminar and Turbulent Friction," Abh d.
Aerodyn. 'Inst d. Tecin. Hochschule Acchen,'No.‘l ps 1; also sce
Zz. angew. Mathem. Mechan., Vol. 1, 1931, D. 233.

***, Nusselt, "The Transmission of Heat in Plpes," Habilitations-
schrift Dresden, Berlin, 1909, p. 3.
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in laminar flow we have a conduction by the irregular molec-
ular mqtion and a transmisgion_by the orderly flow past the boun-
dary layer. fﬁ tﬁibulent flow‘the.eﬁsuing pulsating fluid mo;
tions cause a higher heat traﬁsmissioﬁ, in which moleoulaf com-
ponénts likewise participate as heat carriers. The molecular
conduction ‘and convection induced by the pulsating motion is
commonly expressed as "turbulent heat conduction.™ It.is-impos--
sible to calculate this turbulent conduction directly, because
we do not know the mechanics of the pulsating motion. - But we
can draw.inferenées about the measure of heat transference from
the friction by assuming the basic mechanics of the momentum in-
terchange in the first case of heat transference to be identical
in the second.

.~ -0n this premise Reynolds* evolved the coefficient of heat

transference from the resistance factor for smooth -pipes. Prompt-:

ed by the results of Iysselt, Professor Prandtl** showed that ‘a
direct, parallel conclusion (ffom flow resistance to heat trans-
fer in turbulent flow) is permissible under stated conditions.

Then Professor von Kdrmdn extended the semi—empiricdl equations

of the turbulent friction to the differential equations for tur-

bulent heat conduction, so ‘that it is now possible to interpret -

the heat transference in all cases where the,velocity field of

*0. Reynolds,. "An Experimental Investigation of the Circ. -

Phil. Transact..of the Roy. Soc., Vol. 174 III; and "Proceedings,"

Manchester Lit. and Phil. Soc., 1874, p. S.. :
**I,, Prandtl, "Relation between Heat Exchange and Resistance to.
Flow," Phys. Zeitschr., 1910, pp. 11 and 1873,
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the‘turbulent flow iS known. One of his students,.H. Latzko,*
then calculated'the turoulent heat transfer of a fluid past a
flat plate and through a 01rcular pipe. |

) Various researches have been nade on the emission of heat
between 2 flat surface and HOVIHg air but they are confined to
summary measurement of tne heat delivery.**

Tle obgect of the present study Was to define experimental-
ly the field of temperature and ve1001ty in a heated flat plate
when exposed tc an air stream Whose direction is carallel to it,
then to calculate therefrom the heat trarsfeience and the fric~
tion past tne flat plate, and lastly, conpale the uest data Witn
the mathematical theory..

To ensure comparable rcsults,_we Were to actually obtain or
else approximate: | o | |
a; two—-dimensional flow;

b constant plate tempergture in the direction of the
stream.

To appro: cimate the flow in two dimenS1ons, we chose. a rela-
tively wide plate and measured the velocity and temperature in
the mediean plane. donsiderable difficulty was experienced in
trying to maintain a constant plate temperature‘over its whole
length. If the heat is evenly distributed and the conduction in

the plate itself is not very intense the plate temnerature would

T¥H. Latzko, "The Transmission of Heat on a Turbu.ens Fiuid o
Gas Flow," Abh d. Aerodyn. Inct., d. Techn. Hocrnzerule Aachen,
No. 1, p. 36; see alsgo Z. angew. Mathem. Fechn., Vol., I, 1921,

p- <68, .

*#i, Jlrges, "The Heat Transmission Past a Flat Wall," supplement
to Gesundheits-Ingenieur, No. 13, R. Oldenbourg, Munchen—Berlin,
1924,

4
S
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rise'in'the flow direetion. Tnls rise had to be Peutrallzed
This was acoomplished, afte varlous attempts, by having recourse
to an electrically heated‘plate and a series of rheostats.

The first exﬁerimeuts4were made with an ice—filled boét but
were not satisfactory, so we substituted Glauber's salt (sodium
sulphate) Thls method likewise proved'u sultable and we changed
to a hollow coooer plate Wlth vapor heating (Flv 1), W1th which
we acdleved better results The advantage of using saturated
vapor for heaul ng lies in tne freedom of the plate temperature
from the veloc1ty of the air stream and in the 1nappre01able
effect of the barometric}pressure. The'vapors,‘produced from
ether and alcohol heated in a glass vessél passed through cop-
per tubing.into the hollow box—llke plate Wthh was equipped on
the inside with fins to ensure even dlstrlbutlon of the vapor :

- inflow. o |

The four narrow sides of the platelwere housed in wood,
first to minimize heau losses, and second to fa01lltate mount-
ing 1n the wind tunnel. The front of uhe plate was tapered to
form an eptrance gection. "The heat emltted by the plate was to
be measured from the oordensatlon at p01pt II; a thirdbinlet
(I11), served to check the regularity of the vapor inflow. But
it proved impossible to deterﬁine the heat 1°rom the condensation -
first, because the feed plpes, which had. to be of metal (copper)
vdlss1pated part of the heat from the euber Vapors and then, ouc—

let opening II llkeW1se allowed sorde vapor to escape. These dif-
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flcultles precluded the rough check .on the heat energy which we
had deemed §0 de81rab1e, even though che neat transmltted by the
plate was to be prlmarlly 1nterpreted from the heat content of
the air stream As1de from th1s the test set—up ylelded the
desired results; The plate temperature was, assumed ‘equal to ‘the
vapor temperature Wnlch was read on a mercury thernometer in- .
serted 1n openlng IV The mlld fluctuatlons Wthh occurred were
'probably due to a sllgnt overheatlng, s1nce the ether was heated
through a Water bath Wthh Was dlfflcult to regulate.

Unw1111ng to, forego the rough cneck on the. heat, we discard-
ed this nethod for heatlng the plate dlrect by electr101ty. The
plate, which really was a. oox (Flg 2), was made of 3.5 mm thick
copper, on. the 1nS1de of WﬂlCh e mounted a. varlable rheostat
with 18 separatelheatrrglcoilsi: lne az 1s of .the coils was per-
pendicular'to the4dr. ctlonuof the a1r stream for regulating
the heet by swrtcnlng uhe 1nd1v1dua1 0011s .on or off as required.
The box Was fllled W1+h 011 to ensure satlsfactory temperature
balance._ horeover, 1t was to be expected nat due to natural
convectlon in tne 011 batn,.the temperature of the plate would
not be constant vertlcally, Wthh in a glven case must be consid-
ered in the calculatlons.. r"he s1de Walls were made of heavy cop-
.per sheet, Whlle the four'narrow 81des Were covered with wood.

The front was tapered to form a 1O-cenu1meter entrance section
(Fig. 2) f To make possrble a d1rect comparlson W1th Jurges'

test daua,'we made tne plate 50 cm long, as 1n hlS tests.

E
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Since.it was impossible to base.the deﬁerminafion‘of fhe
plate teﬁpefature on that of the oil béth because of local tem-
perature rises through’the heating coils, we résortéd to thermo-
couples. They were made on the principle* that the. point of
contact as well as a béiréspbﬁdiﬁgly‘1bng>poftion'of the wires
should assume the témperature of measurement, otherwise the con-
tact point-i’s ﬁnasie‘%p d6 ‘So.'  The wires were 0.6 mm thick, of
constantan énd'manganiﬁ”ﬁétal*éﬁd‘éBI&éred in 60-millimetér long
grooveé.' In-order to ascertain the number and thé arrangement
- of thése thefmocouples, we made two special ones which'were
pfessediﬁéfihé'pldte by suitable clemps, and"with whith we ef-
fedted various temperature measurements. As a iesu1%33wé mounted
17 surfacé’ thermocouples, all on one side of the plate so:as not
to intérfere with the measurements in the boundary layér which
were made on the other side. This of course, does not-leave
the flow édnditibns*ﬁndistuibed,3but we can nevertheldss assume
this disturbance to be without marked effect on the temperature
distributicn in the Wall; " The procedure was as follows:

We divided the plate into five sections of 5 cim each, with
S'themeCOﬁﬁiés”on‘eacﬁﬁdiVidingiiiﬁe; “Théitémﬁerétﬁfé”ﬁalueé"
were graphed and their average determined, thus- supplying the
mean temperature coefficients for five sections. - Since-the ther-
mocouplées for the boundary layer had an 8—centimeter éest'length,
'paraiiel"fé ﬁhé'plate'and'berﬁéﬁdiculér to the air stream, we

*Knoblauch- ﬁencky,<"Introduct101 to Aocurate Technical Tempera-—
ture Measurements," p. 59. R. Oldenbourg, Muncheanerlln, 1926.
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conflned ourselves to the temperature readings of the two mlddle
SeObIOﬂS which were 5 cm apart. The average, which ylelded the
mean plate temperature, was also determrned graphically. |
mow, whereas the “mean temperature values revealed a linear

1ncrease, perpendlcular to the dlrectlon of the stream, we had
in facs, measured the temperature Ain the central axis of the
plate, because in thls plane the temperature dev1atlons were ex—
actly neautrallzed _ | | '

The temperature in the plane of measurehent "in which the
contact point of the thernocouple was dlsplaced, could te regu-
lated to w1th1n 2 to 3 per cent accuracy in excess plate temper-—
ature over the air outsrde. As a result the ratio of the mean
plate temperature to the temperature measured in the plate cen-
ter remelned constant even under mlld temperature fluctuatlons.
In partlcular, it enaoled us to predlct the mean plate tempera—
ture from one s1ngle voltmeter readlng ‘The cold junction of
the thermocouples was placed in ice. |

Owing to the’sllght dlscrepancy betneen:the temperature
- measurements and the respectivehvoltneter deflections, the test
points were not changed until:one‘wlre had first been connected
in parallel to the subsequent.one.A lnus tne pornter of the volt-
~nmeter moved only enough to 1ndlcate the dlscrepancy in tempera-
ture in the two test pornts, which made for rapid sequence in
.readings o |
= The limited extent -of the boundary layer called for careful
selection and construction of our measuring devices. The temper~

i
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ature can be measured with resistance thermometers or with ther-
mocouples We preferred the Watter

| 3ut oefore decldlng on any deflnlte materlal shape“or ﬁire
thlckﬂess, we f011owed Dr. F. N, Scheuoel's suggestlon and made

a systenatlc study of the sources of eITors Wthh are - apt to oc-—

cur. To ensure correct temperﬁture readlngs, two factors must

be taken 1nto acoount

First, tne tlernocouple, exposed to an air streanm, nust not
set up any material turbuWence. Secoad the point of oontact
or the taermocouple must actually be able to assume the tempera-
ture in rhlch 1t is used » The flrst ex1gency is taken care of
by u31ng flue .gauge streanllne eres.'L'

Oﬂe copuact polnt of the taermooouple is olaoed at the per—
tlnent 901nt of the bouqdary layer WHere the temperature 1s to
be measured ”hls, honever, does not ensure a correct te@pera—
ture record at this p01pt Wnen the otner'pa ts of the.W1res
pass tarough a zone whose tempera+ure dlffers from that at the
p01nt of contact for in this case au exchaage of heat takes
place. It 1s very expedlent to use flue ‘gauge wires- stretched
parallel to the plate but perperdlcular to the dlIeCulon of the
air stream. If 1t were pOSSlble +o reallze an exact two dlmen—
sional temperature fleld there would be no temperature gradient
at -all in this dlrectlon.' As a ﬂauter of fact, the temperature

changes linearly with the height, and it may be assumed that the

*A method which includes the thermal lag of the test wires in
neasurenents made by the hot-wireé method, is given later.
ks
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same amount of heat flows in at one side of the contact point as
flows out on the other, so that the point of contact still Te—
cords the correct temperature.

The importance of heat compensation becomes readily appar- '
ent from the following comparative tests made with six different
theriocouples of different shape and wire thickness but under
otherwise identical conditions(Figs. 3 and 3a).

Taermocouple I.- made of 0.05 mm copper and constantan
wire. The two wires were inserted,
twisted, and soldefred. The test length
was 43 mu;. the rest was of 0.6 mm copper
and constantan wires.

Thermocouple II - like I, but the 80 mm test 1ength was of

— C.3 mm copper and constantan wires.
‘ ' The contact waé formed by butt joining
the two wire ends.. .

Thermocouple III - same as II, but C.6 mm wires.

Thermocouple IV - 0.1 X 3 mm copper and constantan strip;

_ : = test length €0 mm, where noth strips
were superposed for a space of 30 mm and
then soldered.

Thermocouple V- - of 0.8 mm copper and constantan wires.
The wires ?orm a 90~ angle at point of
‘contact.

Thermocouple VI — same as V, but with 130° angle.

From an examihétion'of FiguréSZB ana:Sa, it is clear that
the angle-shaped thermocouples yield'altogéthér fallacious re-
sults, and measurements nade with such theimdcouples in an in-
tensely chénging fiéid.of temﬁératuie must°be.regarded with cau-

. . »* "...
tion, as Ludowici's, for instance.

*W. Ludowici, "Measurements in the Boundary Layer of Flowing
Gases," V.D.I., Vol. 70, 1926, p. 1133 ff.

é,f;
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The effect of the wire diameter is relatively Smail compared
to that of its shape. |

After heating the plate the measurements were made on three
sections, namely, forward, middle (xtn = 17.5 cm) and rear
(xtn = 34 cm), and confirmed by subséquent check tests with
thermocouples Nos. 1, 2, 5 and 8. Curves 1 to 3 show that the
diameter of the wire has some effect even for an idehticallset~.
up, that_is, the temperature iises as the diameter decreases.
The curves for 0.3 mm and 2 X 0.05 mm wire diameter (test No. 1)
meet; it may be assumed that a limit has been reached at which
the element indicates the exact temperature at the test point
with any degree of accuracy. The working lengths of the thermo-
couples used in the main tesits Wefe of plain manganin and con-
stantan wire 0.1 mm thick. The same kind of wire but 4 x Opl itia|
thick was. used for the cold junctions (in ice) and for clamping
to the holder. We substituted manganin for copper because the
first has the same conductivity as constantan. We also made
some experiments regarding the suitability of platinum+ platinum-
rhodium thermocouples which, however, turned out unsatisfactori-
ly for reasons of mechanical strength, in addition to the fact
that their thermal conductivity is only about one-~fourth that of
the constantan-manganin couples. |

The' thermocouples were clamped on a bakelite frame (Fig. 4),
which was fastened to the steel holder on a workbench, so the
element could.be shifted in the diréCfiQn of-ﬁhe.é%réam. (x)

and perpendicular to.fhe plate (y). The y coordinstes were
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read Wlth a vernler to 1/50 mm accuracy, the ~x COOrdinates
w1th a convent10nal scale. The whole set-up was wounted on a
concrete block in front of the tunnel entrance cone.

At zero p081t10n there wag an intimate contact between
plate and thermocouple, as cheCked?with an electric contact de-
vice and a smaid signal lamp;

| The thernocoupie denoted in this oosition,vparticularly at
~ higher ve1001t1es, a 1ower temperature than ‘the plate, on ac-
count of the coollng of the exposed parts of* the ‘test wire,
which was not specrally pressed on the plate.” For the surface
temperature measurements ﬁe:used"the;previously mentioned sur-
face thermocouples, Wthh we callbrated with the Knoblauch-Hencky
liquid boiling apparatus. Saturated vapors are produced in it
(by alcohol or ether) so that the. temperature can oe Kept con—
stant for any desired period. The second p01nt of contact Was'
placed in-a'container with crushed ice. Subsequently, we}used
hot water and tner@os»bottles‘with ice, which answered the same
purpose - in fact, uere better, because the inside wall of the
bottle takes the temperature of the liquid in it.
‘. The calibration curves of the thermocouples made of copper-
. coastantan and of manganln—constantan wire are represented in -
Flgures 5 and 6. Wlthln the temperature differencés of our
tests the relatlon between thermoeléctric curr ent thermal volt-
age, and temperature, respectlvely, was linear. It also %will.be
noted that the line connectlng the three (two) test points- does

&
Py
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not pass through the origin of the coordinates, wherefrom it was
concluded that linear dependence is strictly valid only within
the measured limits. By lower temperature differences (begin-
ning et“so"c)‘the‘calibfation curve becones parabolic, and under
certain éeﬁditions, very irregular.

We always placed the cold junction in ice, so that the room
temperature became the lowest test temperature difference. For
defining the temperature, we measured the thermal current be-
cause ‘the readings had %o be taken in rapid succession. )

. The:voltage:for'a manganin-ceﬁetanﬁaﬁ-thermoceuplc.was
3.76 x 1072 (lggétc),

_volt \

and . . . 2"
C 3 64 x 10
(1000 ¢/

for that made of copper—constantan ere
Accordlng to Knoblauch—nencky, the voltage for the 1atter

. ranges between N ,
3.6 x 1072 ‘and 4 x 10°° —39%3—\,

S - 100~ ¢/
depending on the kind of material used.

The current was measured with'Siémens and Halske dial volt—
meters and ‘a rotary-coil recording deéviceé. . The .sensitivity for
one scale division was 10™* volt. The resisténce of the record-
ing devices is:about 18, -and 182 and 176 Q, respectively,
for the installed series Tesistance at this voltage sensitivity.

In this manner it was ?ossibie*to regulate “the deflection so as
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to fit the corresponding temperature and té nake ‘available a
- largé portion of the scale, which in turn.enhanced the accuracy
of the‘readings. |

‘ The velocity of the free stream Waslvaried between‘S and
'35 m/s, the lower limit being contingent on the control possibil-
ities of the wind tunﬁel,_and the maximum on the vibrations of
the'thefmocouples at higher veloéities. The'pulsating mofion.
brings the point of constaﬁt in the boundary layer within the
zone of different temperatures,.causing the galvanometer needle
to oscillate.. ‘

.The temperature difference 88 between plate and undis-
turbed air. stream, ranged between 16 and 2C C), although we
made some_experimqnts at Sﬁ.to 37.5 (0¢0) super—temperatures.
We'anticipgtéd‘the temperature curves to be‘gimila# because of
“the fact that the best transmission Within.fhiétemﬁerature range
is proportional. The varipus vglocities for 3275;3; are shown
in Figures 7, 8 and 9, plptted against vy (tn = température in.
boundary layer, t; = femperature in free air strgam)._

The heat given off by the plate caused a slight rise in the
temperature of the air stream, so the plate temperature itself
arose, because the heat output remained constant. But since a
measurement in the boundary layer never took 1oﬁger than 5 to 10
minutes, we were justified in assuming that temperature as out-
side air temperature which we had measured after reaching the

undisturbed air streamn.
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Fongpee s

The temperature curves were. taken at four.test ‘points desig-
nated with =x, = 30, 30, 40 and 50, and with Xzn = 10, 20, 30
and 40, respectivelyﬁl;xh }heremgengfee }he q;sjgpee;of the teést
points from;the flgy t;p,wyhe;beginp;pg5o§?§ne éyggedypemicgl
bounda.;cyxiayer; Xth, the ',di__s__t'g,nge.:-_pl_;eeegjl,,ngf th:efent‘r‘y of the
therme}iéeaction. It forms t?eﬁpoyge;;i;?e between the hot plate
andiyﬁeuwpeq;iﬁsulation of thg,flgw t;p,qwf N

The, teaperature curves e&bIOIued 1n Flgures 7-37, reveel Pt
aeeordlﬁg to whether the flow is lanlnar or tuvbulent - two typr
ically different shapes. The dlstrlbutlon curves. for the “turbu-
lent flow chow a much s+eeper gradlent near %o the wall :than for
the lamnnar flow A nanble fea;u:e Qi,ﬁheee“tgowyypeseqﬁﬂtem-
perature dlstrlbutlon, 1p§uced by two d;Iferent Tlow. attltudes,
s their contemporary existence as in the velooify distribution
past the plate: Based on. Figures 7—27 we append“the types of
floﬁ_for tbe 1nd1v1dLel Lemperature curves along w1th their re-

spective Reynoles ;urbe;s 1n the follow1ng table -~
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At Up=5 and = 7.5 m/s, consistent with Rg = 125,000 and =
léO,SOOv'Refﬁolés Numbef, the flow paet the smooth piatevisietiil
laminar, although.it has already turned turbulent along -the rough
piate.;ﬁAt. Re = 1C0,000 tb 250'000 o a laminar‘flow ﬁrevails at
the LOLW&Id part of t1e plate, Wthn gradually becomes turbulent
as 1t passes the plate. | |

”he pe;tlnent carves 51 tAe temoerature dlstrlbutlon plouted
for higher.~ Xhs tgatzls, ear part of the plaue—-hence of turbu-
1ent cﬂaiaeter - intetsect, by v;rtue of the1r~grad1ent, the |
curveeuforglower Xn (forward ﬁart of plate);_Where'the flow is‘
stilliiaﬁtﬁar. ‘As-a‘resultiﬁm temperature aloﬁg,a straight line
decreases parallel tolthe blate inlthe directien of the stteaml
at the‘point of transition from laminar to turbulent flow. The
rough plate had the roughness of a coarse flle .

At high vélocities (oeglnnlng at about 15 ﬂ/s and up toﬁl:'
uO 2 IR away from the wall, the rough plate showed a higher temQ
perature gradlenu than the smooth plate. greater dlstancesle”
(from about 1 2 mm on), the conditions become reversed the
smooth flow has the higher gradient, hence its curve ‘is lower
than for the rough plate. .

At.velocities beiow 15 m/s, no diétinct differences_can be::‘
noticed, Of_qourse,iit eheula be remembe:ed that the zero posi-’
tion of the thermocouple was assumedly that setting at which tﬁe
thermo-element was in intimate contact with the uppermost ridges

of the roughened plate. We also measured the velocity distribu-
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tion in these planes denoted by Xy and ‘xtﬁ.

The velocity was computed from the dynamic pressure, with

3 Yg hg
forming to the prevailing temperature). (Landolt-Bérnstein,

the forrmla u = ‘(bL ‘éxpreéses.the air density con-
Phys. Cheﬁ. tables.)‘:
M'Here; 'ﬁ - air speed,
- ¥5 = specific gravity of test liquid,
hy = pressure head in Pitot tube,
Py, = alr density with respect to temperature.

The dynamic pressurelwas defined with a dynamic pressure
recorder, the Pitot tubes peing thin, rectangular glass tubes
0.238 and C.34 mm on the outside, and 0.15 mm on the inéidé. Thé
diametér had to be small to prevent any appreciable disturbance
on the test point which, however, delayed the pressure gauge
from 5 to 10 minutes. At tower than 10 m/s speed in undisturbed
stream, the measuremeat was not accurate. The zero position of
the Pitot tube at the wall (checked ﬁy nagnifying glass) was de-
termined by contact between test tube and plate, although we
disregarded the reading in this position. -

As vy coordinate of the test point, we used the distance
of the tube axis away from the ﬁall. The curves for the veloci-
ty aﬁd the temperature distribution are drawn for equal Up and
the same super-teuperaiure dJ,. In order to grrive at the ef-
fect of the heat on the velocity field, we defined the distribu-

tion of the latter with a nonheated plate, as.shown in Figures
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28 to 33. The difference oetween two such curves is not pro-
nounced énd does‘not exceed 2 to 3 per cent. This bears out
‘Latzko's assumption, who stated that the effect of the tempera-
ture on the field of velocity could be disregarded at compara-
tively low super-~temperatures. The figures further show the
corresponding velocity curves for the rough plate. They are,'
as we anficipated,ﬂlower than for the smooth plate, because of
the greater resistance and copoequehtly slower velocity of the
rough plate.

The obtained test data now enable ﬁs to compute the heat
transmission of the plate with respect to plate length x and
velécihy Up. o

The time rate of the heat passing through a flat section

of width 1, placed perpendicular to the plate is

Q(x) = f5 Yopul(y)s (y)dy (W EN (1)
where Y = specific weight of air _
cp = u heat per unit weight (WE/kg ©0C),
C=o0cpY = " " _" " volume (WE/r® ©0), a/s)
i ’
u (v) = velocity in boundary layer variable with y/
th = T, =9 (y) = super—-temperature in boundary layer variable
: with v.(°0),
t, = temperature at test point,
ty, = " of the air outside,

" vertical distance away from the wall (i),

«
I

boundary layer thickness (m).
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So when we determine the heat voihme. Q(x)' of the air stream-
past the plate at point. xp+1 and X, in two such planes, the
difference Q(g)n+: — Q(x)n Trepresents the heat transmitted by ‘
a plate strip of width 1 over =x,,, - X, 1length. The coefficient
Q, which denotes the heetAper unit area in unit time and for

1° ¢ temperature dlfference can now be determined from Q(x)n+i -
, Q(x)n for the correspondlng part of ‘the plate.

Then the experlmentally‘deflned curves of the temperature
and the velocity distributidh'are applied to formula (1) (Figs.
33-40) and the heatA Q( ) carrled past the air stream is graph-
ically integrated fdr xh = 20, 30, 40, 50. The values of inte-
grant q =Y cpu (tn - t1,) are plotted against & and the en-
tire heat Q(xj carrled off from the plate up to the correspond—
ing test point x is computed (in Watts) from the area enveloped
by curve =T (y) | '

Now we compare our test results w1th the ‘theoretical trea-
tises of von K4rmdn and Latzko, E. Pohlhausen .and Jurges measure-
ments. T

The heat transfer can be.deteimined'theohefiCallyAfrom for-
mula (1) by using the dietfibutihg function for velocities wu(y)
and for super-temperatures ¢ (y) conformal to the boundary lay-
er theory. The theory postalates two pny51ca1 cheracteristics:
the Reynolds I\Jumber Re for .U_v_ and the Péclet factor Pg!,
defined by - Ux cp‘y If can be proved that‘the distributing

functlons of u and 3 are preolsely 31m11ar onlj When the two
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. c
factors are equal, i.e., when P Yoo 1-

~ Pohlhausen* computed u (y) and % (y) with respect to

these factors for the laminar .zone, and arrived at

13 VE
Q=a <0) __(R H"/
for a strip width 1, where .
o1 Pe! Cp Y Vv
0 = -—-— = =

For our case 0 = 0,744 and o = OLE.

Von Kidrmén and Latzko made the calculation for the turbulent
zone based upon Reynolds‘,andiPrandtl’s analogy between. the trans-
fer of friction and of aeat. This analogy is verfectly valid as
long as Reynolds' and Peclét‘s numbers are equal On this premlse
the dlstrlbutlng functions for super—+emperature and velocity are

coincident and we can put

N V\l/ 4 B v 1/7
T e = U ( ‘and § = ¥ ('8-
. . - ,o"‘\-ﬁé\- : v Vs | |
with & ="0.37 (ﬁi/

Written in formula (1), we arrive at

1\1/5 PY E>

Q =70.0356 X'C U 9 x (“e) /s
. B
for a plate strip of width 1. 52 =.€ being different from 1 for
2:)

real gases, there is a certain arbitrariness in 1ntrodu01ng the

Reynolds Humber in the formula. But we can, however, estimate
*E. Pohlhausen, "Heat Ezchange between Sclid Bodies and Fluids
by Slight Friction and Low Heat Conduction," Z. angew. Nathem
Mechan., Vol. I, 1921, p. 120. ;”w
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the“antieipated discrepancy by applying Peclét's number instead,

in which casé the value of the heat transfer then changes in' the

) 5§ /. 5/ T .
ratio of /¢ =/ 1.345 = 1.081, which approximates to the the-

ory by 6 per cent.

In Figures 41 and 42 we plotted the heat transmitted .per
1 me of plaﬁevarea in one second, ‘the velocity of .the undisturbed
air stream end‘lo C temperature difference against U x, and
U x4y, and Re and Pg'; xy denotes the distanee of the en-
trance section and x¢p the distance ffom the: entrant thermal
" reaction. This dual representation seemed fitting because of -
the analogy between friction and heat conduction in accordance
'with the theory which postulates the same boundary conditions
for both cases, i.e., the coincidence of incipientAtheimal and
“hydrodynamical reaction. The condition was not complied with
beceﬁse the section (tapered, 10 cm long) was not heated. How-
ever, a comparison of the respective temperature and velocity
" distribution curves revealed no-difference except in the laminar
flow at around Up = 10 m/&; but as soon as the flow becomes
' turbulenf, these curves - converted to the same scale - become
congruent, and‘only_a very ‘slight disparity prevails at the
first test point =xp = 20.

Froi this it is concluded that the neutralizing effect of
the turbulence gradually compensates the difference caused by
- the delayed thermal reactlon along the plate, and that thereby

the thermal processes are the same as if the beglnnlng of its
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owmnr .and that of the' hydrodynamical reaction had been simultane-
ous; Obviously this compensation along the plate is complete-
only when the entrance section is relatively sﬁa11¢a§ compared:
to the length of the heated portion of the plate.

When we compare the test data with the just cited theoretical
formulas, we note first, the close agreement in the heat. transfer
coefficient up to Ry = 3 X 10° with Pohlhausen's function. - Be-
tween Rg = 3 X 10° and 5 x 10°, the conditions have no well-.
defined character. The flow past the plate is neither wholly -
laminar nor turbulent throughout.

The: test points for velocity Up vVyield a series of heat
transference curves which are analogous to Blasius:and Gebers' *
curves for the resistance to flow.. - - ...

"For- Rg = 5 x 10% to - Re = 11.x 10%, the test data are in
satisfaotory accord,withfthe;voanérmén—Laﬁsz‘curve,fpartiéularly)
when' the calculaﬁion of -the plate length stafts with the begin-

-~ ning of the thermal reaction.. It must be borne in mind -that our

[

method for defining the heat volume nakes great demandsfon,thef\\ %
measuring accuracy,  sa.that the scatteringuis_naturalgy moxe~~ﬁi {
pronounced than if the. heat volume had been defined by one direct

measurement., .
. % *
* One- curve in Figure 42, taken from Jurges! measurements, is

included for comparison. He attested to a.marked discrepancy:

*Results of Aerodynamic Test Laboratory, Isgue III, p. 5, 1837,
Ergebnisse der ‘Aerodyn. Versuchsanstalt zu Gottlngen
**Zeitschr. angew. Mathem. Mechan., Vol,_9 1829, -




H.A.C.A. Technical Memorandum No. 8l4 23

between his measurements and von Kérmdn-Latzko's computed heat
" volumes, wnich is aécribed to the following:

Jlrges uses, exactly as we did, a plate.SO cm long, in front
of which he placed a 3l-centimeter long entrance section. It is
evident that in this casc the premise of the theory (contempo-
rary start of hydrodypamical and thermal reaction) does not hgld.
Whereas in our tests the ratio of the length %6 the hydrodynan-
ical ent:ance section of the thermal measuring length was 1 : 5,
it amounted. to around .3 : 5 in Jurges! case. We suspect Jlr-
ges*, as weia as ten Bosch,** wrote the total length, 31 + 50
cm in Latzko*g formula for the ngnolds Number, so naturally
the ﬁigures for the heat transmission are lower than the experi-
mental values.

It becomes aﬁparent from Figure 42 that the discrepancies
figures are much lower. Within Rg = 3 X 10° and

o

7 x 10° our test points agree satisfactorily with his; at higher

o
_of Jurges!

or lower figures than these, Jﬁrges' figures are slightly. higher,
.our testypoints‘approaching the theoretical curves somewhat
‘closer. =~
In Figpre 43 is exhibited the heat. transfer plotted against
the velodity per 1 n® area and 1° C temperature difference. The

plotted test points are in accordance with the measured values

graphically obtained at point x4 = 50 cm from equation
*Zeitschr. angew. Mathewm. Mechan.; Vol. 9, 1929, p. 45.°

= O

**ten Bosch, "The Transmission of Heat," 2d edition, 3erlin.
Julius Springer, 1937, p. 135.
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Qx) = f Y Cp U (ty - tL) dy. For comparison, we further in-
clude the von Karman~Latzko and the Jﬁrges curves. The applica-

X . 1.345 instead of

tion of the Péclet figure revealed —%F— =
A Cp ¥ v

T 1.
Our tes} p01nts and the theoretical curve £ (Pg') check>
VCry closely. G“eater scatterlng; about 14 per cent, shows vt 2
points for 'UD = 20 and 35 m/s. |
. /76’47L
T demonst¢atc the effect of plate length on the F&st trans-
fer, Figure 44 shows: X)/so U plotted against xip, for four

points: xyy, = 20, 30, 40 and 50 cm; the average of the eight

‘ points was formed5forfthe‘éight velocities between Up = 10 m/s

and Up = 35 n/s. Thé points thus obtained are shown connected
by a curve on Figure 44, and at a logarithmic scale on Figure
45, A stralght line drawn thirough thece points yields

( )/60 U as a power. function of plate 1epgth Xty having an

pone 1t Wn¢ch is indicated’ by the slope of the straight l;ne.
Its value is n = 0.89.

The linmits of ?ﬁalbgy betwéen'flow-resistance and transfer-

ence of heat as cénfirmed by our test data are of vital impor-

tance for the theory. For we are now able to compare the tem-

‘peraiure'fields with the corresponding velocity fields, and the

flow resistance with the heat transfer.
For comparlnv the temperauure w1tn tne ve1061ty field, the
follow1ag is appvoprlauo' The plate- temperauure eavhes its

maximum at y = 0, waile the vel001ty ig zero. At the boundary
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iayer for y = 6, the super-temperaturé is zeio while the veloc-
ity attains its maximum value - that of undisturbed flow. To
ensure the same character and the same boundary conditions for
the temperature (distribution curves) as for the velocity dis-
tribution curves, the difference "plate temperature minus boun-
dary layer temperature! was plotted as variable. This curve ac-
tually has the same character as the curve of the velocity dis-
tributi&tl For representing both curves at the same scale, the
speed values 100 u/U were expressed in per cent of the speed
of undisturbed air flow and the temperature values 100 9/8,

in per cent of super-temperature of the plate, and the results
plotted on Figures 46 to 55. It is seen that the conformal
temperature and velocity distribution curves are in agreement
with Prandtl's theory of similarity for speeds above 15 m/s
(where the flow past the rlate is alrcady turbulent). The dis-
crepancies become more pronounced at Up = 10 m/s (where the
flow is still laminar). Thae satisfactory accord betﬁeen the
ficlds of temperature and velocity, notwithstanding the delayed
entry of the thermal reaction, is explained by the compensating
effect of the prevailing turbulence.

Translation by J. Vanier,

National Advisory Committee
for Aeronautics.
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