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GENERAL INTRODUCTION

Interest 1n_h1gh-temparature chemical processing was
stimulated about ten years ago when high temperature gene-
rating equipment, particularly plasma torch devices, became
commercially available. High temperature chemlcal processing
provides a new method of obtaining extremely rapid reaction
rates (regglting in smaller equipment) and, in addition,
enables the chemical engineer to achleve reactions which are
only feasible at such energy levels. Because of the high

energy 1nput involved in these processes, maximum recovery

~ 18 necessary from an economic standpoint.

- In view of these conslderations, 1t is of importance to
knﬁw whether or not the emplirical equations predicting the
transfer of heat and mass at low or moderate temperatures cén
bé extrapolated to conditlons prevalling at higher tempera-
ture levels. In this context, Kubanek (1) constructed a reac-
téf in which transport and chemical processes could be stu=-
died, using a direct-current plasma torch az the heat source.
While his investigation was concerned principally witﬁ forced
csnvection ?o stationary spheres, 1t was decided to extend
his study to other blunt bodies. The present alms were first

to obtain heat transfer deta for different flow configurations



and second; to check 1if a particular characteristlc length
could be obtained %o predict forced convection to various
"shaped bodies from a éténdard relationShipo..The firsthpart

of the thesls consists of a critical review of the 11teratﬁre
peftdining to heat transfer to cylinders. The second part
deals with the experimental aspects'of the investigation.

The 1étter section has been made complete 1in itself, in that
it has a seﬁarate Introduction, Nomenclature and Bibliography.
This makes it possible to pubilsh this part of the thesis with
liﬁtlé modification, while presenting the work in a clearer
light an@ facilltatihg its interpretation.



SURVEY OF THE LITERATURE

INTRODUCTION

Kubanek, working in this laboratory, has already presented
a comprehensive literature survey as part of his Ph.D. Thesis
(1), in which most of the aspects of the field of plasma Jets

and their appllicationg are reviewed, l.e. ¢

Developments in high temperature “techniques;

Measurement techniques in gases at elevated temperature;

]

Advances in plasme Jet technology;

Properties of confined Jets.

Accordingly, the present literature review has been resw~
tricted to the specific topic of heat transfer to cylinders in
cross-flow. Even so, thls restrlction has left considerable
ground to cover : for example, Morkovin (2) reported 155 refe=
rences to studles concerned with the flow of fluld in the wake
region of a cylinder alone. It was, therefore, deemed beyond
the scope of the present study to review all the papers pub-
lished in thils area and an attempt has been made to report
only those whlch are directly pertinent to the topic of this
theslis. Emphasls has been glven to the varlous problems ari~
sing from the seemingly simple flow and heat transfer siltua-~
tions prevalling around 9 cylinder in the light of the limited

knowledge of the mechanisms involved.



I. ANALYTICAL PREDICTION OF LOCAI, HEAT
JRANSFER BY FORCED CONVECTION AROUND A

THO - DIMENSIONAL BODY

INTRODUCTION

The différential equations which govern the flow of a
fluid around a two~dimenslonal body are well known., Attempts
to solve theﬁ have been made with the objective of predicting
the local heat transfer rates from‘the characteristics of the
flow field. Unf¢rtunate1y, two major obgpaclqs have limited
.these attempts : the transfer mechanism in the wake region is
| hoﬁ known and secdndiy, ﬁhe characteristics of fhe flow aﬁ

any point in the fluid are difficult to predict acourately.

It should be noted; however, thatﬂin the front part of a
cylinder immersed in a flowing fluid, where the fransfer of
the momentum and heat are controlled through very thin layers,
several authors {3-1l), and more recently Perkins and Leppert
" (12), have quite successfully applied the boundery layer theory
to the prediotion of local heat transfer in thls reglon.

ANALYTICAL PREDICTIONS IN THE LANINAR_BOUNDARY LAYER REGION

At any time and any point in a fluld, the momentum,

continuity and energy equations must be satisfied. .Whereas in the



- wake region the characteristiocs of the fluid are strongly time-
dependent due to the turbulent nature of the flow, in the bound-
ary layer region of a cylinder a simpler approach to the predic-

tion of heat transfer is possible, due to the steadiness of the

flow and to a better understanding of its characteristics,

The main assumptions usually made in the development of the

analytical predictions are as follows i

‘The Reynolds number is large enough, such that boundary

layer ‘approximations apply (R6>1) ;

The fluid is incompressible (M<1);

The temperature difference between the main stream and
the surface 18 smell enough so that the physical pro-
perties of the fluid are constant throughout the bound-
ary layer; | ' |
Contribution of natural conveotion is negleoted (Gn/

Re «{1);

The heat due to friction disaipation is negllgible with

respeot to convective heat transfer (Ec<gl): °

'The denslty of the fluid is high enough so that it may

be treated a8 & continuum (Kn<l);

Thg flow outside the boundary layer is inviscid and ir-

rotational;

all symbols and abbreviations gfe defined in the Nomenclature

at the énd of the literature review.

s b e s o i+ im0
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The flow upstream of the cylinder is uniform;

The boundary leyer i1s laminar and no effect of free=-

stream turbulence 1s considered;

The effect of curvature of the wsll is 1ghored so that

S/R is assumed to be very small;

The surface temperature or the heat flux is uniform

around thecylinder.

Under these conditions, the velocity and temperature pro-
files in the boundary layer are obtained from the simultaneous

solutions of the continuity, momentum and energy' equations :

- Homentum,
u@w/dx) + vOWIY) = Upey OUpe/Om) +V(Pwir®) ()
- continulty‘a (Qwdx) + (Iv/dy) =0 (2)

- 2 2
- Enerey, w@T/0x) + vO/oy) = (WpC ) (¥/0y)  (3)

From these equations it can be noted that under the res-
trictiqns mentioned (small température difference and buoyancy
forces negligible) the velocity field does not depend upoh
the temperature field but the converse 18 not true, and se-
condly.the temperature equation is linear, unlike the equation
of motion., This leads to considerable simplifications in the

process of integrating, and superposition of known solutions

becomes possible.

The momentum and contlnuity equations are first solved



Bef.(lB) gives some of the methods employed. Suffice it to
say that a velocity distribution through the boundary layer is

assumed and the Von Kérmén integral equation used, Morepver,

the variation of Up.y With X 18 very often assumed to be given

by potential flow theory if the flow upstream of the cylinder
is uniform (U . = 2U,81nf) . Hence the energy equation is

solved and the temperature profile obtained.

Because at the surface heat is only transferred by mole-
cular conduction; the heat transfer equation must satisfy the

following :

dq = -k('aT/&y)ygo | (&)

= h(T, - T.) | (5)

and therefore h= - k(am/gy)yéo‘/ (ﬁ” - T,) (6)
Nu = hI/X = - (Z)T/Dy)yzo/_(mw--q;w)/n (7)

As already mentioned a number of anelytical solutions
(3-11) have been presented. Chapmen and Rubesin (3) worked
oﬁt a solution in the case .of zero pfesgure gradient in the
direption of flow and with arbitrary surface temperature.
Séban (7) predicted local heat transfer for an arbitrary free-
eﬁream velocity and'éurface temperature distribution. Klein
and Tribus (6) took into account some additional effects due
to purface dlaoonfinuityg such as strips and wires? Levy and

Seban (5) and Levy (4) solved for uniform surface temperature,




whereas, Lighthill (9), Seban and Chan {(8) solved for the cons-
tant heat flux case. Perkins and Leppert (12) applied to a
cylinder the method developed by Brown et al, (145 for sphere,
assuming d 4th order polynomial thermal and velocity profiles
acrdss the boundary iayero In this Iést publication, a compa-~
riaoﬂnbf the éuthors“ experimental values of local heat trans-
fer coefficients w*th the predictions of various autliors (8,

9, 11) 48 given.

It is interesting t§ note that, firafﬁ elthough these pre -

dlctions have been set up for different temperatures around the
" oylinder, ali“haﬁe théféame shape an@_lie within U% of one an-
other; and gecoﬁ&ly, departure of 308 between the experimental
values and fhé predicted ones can be explained by turbulence
effeqts 1n.the experiment, whlch are not congidered in the pre-~
diotlong. It can be oancluded,'therefore, that in spite of the
cbmplexity of the problem and of the assumptions made, the
agreement between predicted vélues of the looai heat transfer
coefficients énd”the measured ones 18 surprinsingly good,nas

long as no turbulence effects are introduced.

Recently, pibby!et:aIS (iS) proposed a two-layer médel to
acconmodate the law of the wall aﬁd the wake~-llke characteristic
of the outer iayer to the casé of heat-trgnsfep through a tur~
bulent incompressible boundary 1ayef in presence of é free
sfream preasure.gfadlent? So far; this médél has been success-

- fully applied to flat plates o_nlyB but it is hoped that 1t will

e e e e e e o s i A W A i i et " o S - e A i £ S e R S



be extended to the two-dimensional cylinder case.

PREDICTION OF HEAT TRANSFER FROM ANALOGIES BETWEEN MOMENTUIN

AND HEAT TRANSFER

Because the transfer of momentum and heat are analogous
processes, relationships between them have been developed
for the purpose of utilizing friction data in the prediction
of heat transfer rates. The so-called "Reynolds Anslogy®,
which holds for the case where the thérmai and velocity bound-
ary layers have the same thickness,; l1.e. for Pr = 1, usually

refers to the equation :
St = h/ch = cf/2 (8)

More complicated expressions have been developed to in-
clﬁde boundary layer effects and there now exisp varlious other
s§~oa11ed anglogies which try to escape the limitation of fhe
Prandtl number. The best known are : the Prandtl, Von Kérmén,

Colburn, Martinelll, Seban and Shimazaki, and Lyons analogles.

Usually, these analogies have been successful in the case
of flow parallel to a plane surface of* flow 1h81de a tube but
they apply rather badly to cylinders in cross-flow (13, 16,

17). However, Purves and Brodkey (18) found a reasonable agree-
mént between the Colﬁurn énalogy and the McAdams correlation

for Reynolds numbers less than 100. Similarly, Davies (19),

and Dévies and Fisher (20) developed an analytical correlation

for heat transfer from small electrically-heated wires founded
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upon the analogy between momentum and heat transfer., The
results, obtained in an uniform alr stream, covered flow Mach
numbers up to 2, with densities from atmospheric down to free
molecular flqw conditions and with surface temperatures up

to 1470°F°; they agreed reasonably well ﬁith the theoretical
predictions at Reynolds numbers up to 1000,

For cylinders in crosé-flow9 any form of analogy breaks
down as soon as turbulence effects take place. Giledt (21)
proved that for both the laminar and turbulent boundary layer
regions, the intensity of the free stream turbulence had a
different effect on the heat transfer and the skin friction,
the former being much more affected by it than the skin fric-
tion, and therefore, no simple relationship could be derived.
Kestin (22) stressed that the Reynolds analogy was a limiting

law in the case of no turbulence intensity effect.

S8ilver (23) pointed out that, in the case of turbulent
flow, a more systematic study of the Reynolds flux would
improve the understanding of the analogy, because it 15 the
first parémeter from which h and 0{ depend. Moreover the use
of the Reynolds flux is completelg—consistent with existiné
qualitative ideas of turbulence and could be predicted by some
statistlcal treatment of the latter. It is worthy of mention
that Chi and Spalding (17) have successfully established a
relatlonship between the Stanton number amd the skin friction

coefficlent in the case of the heat transfer to a flat plate
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through a turbulent boundary layer in ailr. Hence, 1t can be
concluded that so far, analogles between momentum and heat
transfer do not provide accurate methods to predict heat trans-
fer rates from skin friction data,; except ln the low RHeynolds

number rangec.

SIMILARITY OF TWO. NON-ISOTHERMAL SYSTENS

‘ Two non-isothermel systems will have similar solutions if
both the conditions of dynamlc similarity and similarity of the
varlations with temperature of the physical properties of the
fluid are satisfied.

The conditlion of dynamic simllarity requires ldentity of

the parameters which are involved in the dimensionless momentum
and energy equations, namely : Re, Pr, E¢, Gr. In the case

of forced convection, the heat transfer coefficlent in the
Nugselt form may be expected to be a function of Re, Pr, Egc,

if natural convection is neglected (Gr / Re*< 1), If in ad~
dition the heat dlssipated by friction 1s also negligible com-
pared wlth the forced convective heat transfer, the Eckert num-
ber 1s alsb lgnored. Therefore, two non-isothermal systems
will have dynaqlcally—slmilar solutions for pure convective

heat transfer 1f Pr and Re are the sasme and hence :
Nu = f (Re, Pr) (9)

Regarding the second condltion of similarity, it seems

interesting to quote the ramark made by Douglas and Churchill
(24), |
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"Jakob pointed out that for complete dynamic similarity
between'two non-isothermal systems, the same ratios must

exist between the slgnificant physiqal properties at geo-
metrically equivalent points. A 1éck of similerity will
necessarily exlst for any two fluids whose properties do
ngt vary identically with temperature. A liquid and a
gas fall in this respect, but two gases provide reaso-
neble similarity. For all gases, the variations of jﬁ,
k, and lz with temperature are quite similar®.

The expression suggested by Jakob to account for the

variations of properties with temperature 1ls as follows :

-e e h|
(/wé(/fl) = (kz/kl) = (/%//&) = (Ty/T4) = (sz/Cp )

1

(10)



IX. FLOW AND HEAT TRANSFER AROUND A CYLINDER
IMMERSED IN A STEADY TURBULENCE -FREE STREAM

This chapter presents a qualitative outline of the flow
and of the local heat transfer distribution around a cylinder
when the main flow can be consldered as steady and uniform.

No attempt will be made here to take into account such effects
as free-stream turbulence or large temperature gradlents on
the local flow pattern or heat transfer, these effects being

discussed later.

FLOW AROUND A CYLINDER

At very low gg,(Re<<i), the relative motion between a

- blunt body and a fluld 1s governed by vlscous forces. A laml-
nar bo;ndgry layer starts from the front stagnation point and
thickens aé it proceeds further downstream. Past the equator
the unfavorable pressure gradlent has neglliglble effects and
no separation of the layer occurs. Outslde the layer, the
flow can be considered as inviscid and is well described by

the potenfial flow theory.

As Re increases (5 <Re < 40) the combined effects of the
viacous ferces and the unfavorable pressure gradient in the
rear half of the cylinder slow down the particles in the layer

to such an: extent that they are stopped and a reverse flow is
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initiated, forcing the boundary layer to separate from the
surface. DBeyond the separation point, symmetrical and stable

fixed vortices are bounded by steady streamline surfaces.

In the range 50<Be<11&09 the laminar wake becomes unsta-
ble and starts to osclillate laterally. Because of this in-
stabllity, the vorﬁices break away alternately forming the éo»
called vortex street. The vortex motion is laminar and per-
sists for a long time before belng dissipated through viscous
diffusion. The shedding process is characterized by the fre-
quency at which vortices are carried away and 1s usually de-~
fined in dimensionless form by the Strouhal number Sr. In
this range of Re, Sr increases wilth gg.‘ Moreover, because
of the increasing effectiveness of the positive pressure gra-
dient at thevrear9 the transition point moves forward, in-
creasing the wldth of the wéke. For the region 140 <Re <300,
the detached boundary layer originated from each.separation
point becomes turbﬁlent before rolling up 1nto.vortices. The
point where transition to turbulence in the vortex street
takes place depends on Re. The vortices formed in this range
soon diffuse as they move downstream, making it difficult to
determine the shedding frequenc&.

In the suberitical region (300 <Re<150,000) a definite
shedding frequency returns which is surpiisingly constant
over the whole range of Re. According to Roshko (25), the
wake becomes fully turbulent about 50 dlameters downstream of

the cylinder, all traces of upstream perlodicity having disap-
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pearéd. As Re 1§‘;ncreased9 the transition to turbulence in
the free vortex layer takes place closer and closer to the cy-
linder. In the front part of the cylinder, the separation
poinf moves upstream. 'However, the experiments by Fage and
Eaikner (26). end Schmidt and Wenner (27) showed that for Re
above 8,000 the maximum negative pressure normasl to the sur-
face of the cylinder occurred at about 70o from the stagnation

point and that all separation points were between 80 and 85°,

At the critical Re the laminar boundary layer becomes tur-
bulent. Transition to turbulence causes the separation point
to move downstream because of the abllity of turbulent flow to
.overcome much larger adyerse pressure sradients. This can be
explained by the increase in the lateral momentum transfer due
to turbulent mixing and therefore a partlcle in the turbulent
boundary layer entering a reglon of rising pressure 1s more
aﬁle to draw eneréy from the external flow and to preserve 1its
forwérd motion for a greatef distance. This shift downstream
of the separation point restricts the wake width. Besldes,
the pressure distribution becomes more like thét of an invis-
cid flow and thils explains the marked decrease in the drag
coeff;cienp at the critical Reynolds number. MNoreover, the
polnt of maximum negative normal pressure moves further down-

stream (21, 26).

At the critical poiht, the shedding frequency develops a

marked change in behaviour, lncreasing abruptly. In the super-
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critical range, no specific change in the flow 18 observed,
except that the transition point of the attached boundary

layer moves upstream when Re increases.

HEAT TRANSFER-DISTRIBUTION AROUND A CYLINDER

In the low range (Re <1,000) the main measurements of
local heat transfer around a cylinder have been carried out by
Eckert and Soehngen (28). Their plots of Nu versus O at three
velues of the Reynolds number (Re = 23, 224, 597) show the heat
transfer coefflcient to decrease from the front stagnation
point to a minimum at Q_between 120 and 130°(wh1ch corresponds
to the sgparation point) and thep to rise steadlly up to the
rear stagnation point where 1t 1s always smgller than at the
front. In this range; Nu in the attached boundary layer in-
creases much more rapldly with increasing Re than in the wake,
and therefore, the contribution of the wake 1s gmall compared

to that of the front.

Extensive experimental studies of the local heat transfer
(21, 27, 29 to 31) have covered the suberitiédl range (500< Re
<150,000). Although, the results of these studies may differ
quantitatively, all of them agree on the V-shape of the heat
transfer distribution. As Re 1s increasedp the wake contribu-
tion becomes more and more important. Schmidt and Wenner (27)
pointed out that the heat transfer at the frontland rear sitage-
nation points has the same value at Be = 25,000 and at Re =.

54,000 the wake accounts for 50% of the total heat transfer.
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In the critical Re region (150,000-300,000), the local
heat transfer undergoes a marked change. The heat transfer
distribution (21, 26, 27, 32, 33) simllarly to the skin fric-
tion distributioh, displays two minima between the two stagne-
tion points, one at about 95° end the other ét 150°9 while a
maximum between them occurs around 115°° Several conflicting
opinions have been advanced regarding the interpretation 6f
these curves. Fage and Falkner (26) postulated theti the first
minimum corresponded to a transition from a laminar to a tur-
bulent boundary layer and no separation would occur before
the maximum (f = 118°). Schmidt and Wenner (27) agreed with
Fage and Falkner, particularly when they noted that théir lowest
local heat transfer coefficient in the critical region occurred
at about the same position as‘thelminimﬁm in Fage and Falkner's
ffictlonal intenslty curves and a similar correspondence occur-

red for the maximum atf = 115°,

Another explanation has been developed by Giedt (21),

Zapp (32) and Seban (33). Giedt noted the coincidence of the -
location of the first minimum in the heat transfer coefficient
and.the zero vglue of the skin friction coefficlent and sugges-
ted that a laminar separaflon‘would occur, rather than a transi-
tion in the nature of the boundary layer. Zapp (32) basing
himself upon Linke's (34) and Schubauer®s experiments (35) which
showed that a laminar boundary layer cen exlst és a free lami-~

nar layer following separation and that, as the free layer
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thickens, transition to turbulent flow can occur, concluded
thet the first minimum, the new meximum and the second minimum
in the heat transfer cﬁrves could quite conceivably be caused
by the separation of a laminar boundary layer, the re-attach-
ment of a turbulent boundary layer and its subsequent separa-
tion, respectively. Thus a laminar "separation bubble¥, as en-
countered on airfoils, may exist between the first separation
point and the point of re-attachment. This view was supported
later by Seban (33) and Wadsworth (36). Knudsen and Katz (13),
on the other hand, belleve that the first minimum is due to
transition and no separation occurs before the second minimum
Kestin (37) supports the same view and adds : "further increase
in the BRe has little effect on the point of separation of the
turbulent boundary layer but causes the polnt of transition to

move upstream®.

For supercritical Be the experiments of Schmldt and Wenner
(27)‘at Re = 426,000 showed that the heat transfer distribution
dlsplays the same behaviour as in the critical regime. It 1s
Interesting to note however, that the value of the second ma-

ximum (O = 115°) 1s twilce as high as the value at elther stag-

nation point.




. I1I. EFFECTS OF VARIOUS FACTORS
ON HEAT TRANSFER

EFFECT OF TURBULENCE ON HEAT TRANSFER

It has long been known that turbulence increases the rate
of heat transfer. In early investigatlons, Reiher (38), and
Griffiths and Awberry (39) noted increases of 50 and 100%, res-
pectively, by placing a turbulence generator upstream of the
test section. However, it seenis that the first quantitative
investigation was carried out by Comings et 51.1(40) in 1948,
Sincevthen, other contributions have provided additional data,’
but they are usually pot conslistent quantitatively and no
theory exists at present to ﬁredict accurately the effect of

turbulence on heat transfer.

This-inconsistency between the cxperimental results has
been very logically explained by Kestin and Maeder (22) who
pointed out the difficulty of obtalning similarity between two
turbulent systems : "In the elementary derivation of the laws
"of simlilarity which applied in -forced cdnvection, the external
flow is always described by specifying only Uo . This consti-
tutes an adequate description in cases when the external flow

1s lamlnar, i.e. I = 0. However, when the flow is turbulent,

the laws of slmilarity inply, in addition, a similarity in the ran~
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dom fluctuations in the stream. Present day experimental evi-
dence seems tao show that an adequate degree of similarity is
achleved whenthe Aintensity of turbulence I and the scale of

turbulence L are fixed in value".

As pointed out”by thé authors, even this description of
the fﬁrbulent free~gtream disregards the frequency of the ran~
dom fluctuations and Kestin (37) recently suggested that the
frequency spectrum should be described as well, Besilde this ‘
lack of s;m;larity,_no standard method to measure I and L has
been defined. Soﬁe researchers measure I outside the boundary
layer with the model in place (frequently at some uﬁspecified
distance upstream of the oylihder), others measufe it in the
empty test section. 'Digagreement between the different studies
can also be caused by secondary effeqts‘such as blockage or

large temperature graedientas.

,

Whatever inconsistencles may exlst, qualitative, and in
certain cases semi-quantitative, arguments may be obtained

which will be dlscussed in turn.

4A) Influence on Local Heat Transfer

The measurements of local heat transfer coeffilcients around
a cylin&er in bresence of a turbulent free~stream have been pPeL
formed by Gledt (21), Zepp (32}, Perkins and Leppert {12), Seban
(33) and Kestin, Maeder and Sogin (41). Sogin gnd Subramsnian

(&2), carried out experiments of mags transfer. .
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Giedt (21) studied the effect of I on both the skin fric-
tion coeffilclent and the local heat transfer coefficlent below
and above the critical Re. He found that I wlll force the tran-
sltion to turbulence to take plece at much lcwer critical Rey-
nolds number. The magnitude of the skin friction coefficient
was not appréciably affected by I whereas the local heat trans-
fer exhibited a.marked incregse, ﬁrimarily in the boundary la-
yer region. For instance, when I was increased from 1 to ba .
at comparablé values of-the main free-stream velocity, the heat
transfer coéfficients at the front stagnatlon~point were approx-
imetely 25% higher and the ratiqs of heat transfer at the frount
énd rear haljgs were increased from 0.85 to 1.1, respectively.
Zapp (32) meééured the local Nu for three values of Re (39,000,
71,500 and 110,000) at three levels of turbulence (3, 9 and

11,5%)and his results agree with the previous ones.

Kestin and Naeder (22) wanted to verify the assumption that
I not only promoteé an’ earllier transition to turbulence in thé
laminer boundary layer but has an effect on the local heat trans~
fer a8 well. Because only the average heat transfer coefrficlent
was measured, the transition peint had td be flxed on the cylin-
der'by means of s trippiné wlre located at 60o from the oncoming
stream, so that some conclusions could be drawn, The turbulent
houndary layer separation point belng unaffected by I, the sur-
face of the cylinder was then divided into three defiﬁite reglons
at a glven Be. Thelr results in the critical region 140,000 <

o

Re<5240,000 fully confirmed their hypothesis but it was impos~
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gible to discern which of the three regions, the laminar boun~
dary layer, the turbulent boundary layer or the wake, was af-
fected the most hy the turbulence. Subsequent measurements (41}
of the local heat. transfer in the sanme f;ow conditions showed
that the overall increase was mainly due to that of the laminar
boundary layer region. In this Re range,; Nu at the stagnation

point was increased by 80% when I varlied from O to 2.6%.

Seban's conclusions (33) agree with those of Giedt, Zapp,

Kestin =2t al., and may be summarized as follow :

~ The heat transfer coefflclent in the laminar boundary
layer increases with a maximum gain at the point of
largest pressure gradlent and a minimum at the smallest
{hence, he suggested that the effect of I could be
strongly dependent on the pressure gradlent.);

» The eritical Heynolds number is reduced to lower wvalues
as I 1s increased;

~ The intensity of turbulence seems to have no appreciable
effect on the heat transfer in the turbulent toundary
layer region;

~ The intensity of turbulence affects the character of the

separated flow,

This last point has been discussed by Bichardson (43) who
nentioned however that the wake is much less affected than the

laminar boundary layer.

Sogln and Subramanian (42) studied the local mass transfer
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from eylinders in cross-flow in the critlcal region., Mass trans-
fer rates were increased by 50% in the boundary layer reglon.
when I was changed from 0.8 to 2.4%. Besides, thelr mass trans-
fer distribution clearly demonstrates that, at least in the
boundary ;ayer region, an slmost complete correspondence: exlsts

between the transfer of mass and that of heat.

Heat Transfer Coefficient

The more lmportant investigetlons dealing with the average
heat transfer coefficlent have.been performed by Comings, Clapp
and. Taylor (40), Malsel and Sherwcod (44), Van der ﬁegge Z1 jnen
(b5) and Kesfin and Maeder (22, 41, 46, 47),.

Comings et el. (40) worked wlith cylinders in the lower range
of Re (from 400 to 20,000) and varied the turbulence level
widely (from 1.8 to 22%). At Re = 5,800, Nu was increased by
25% when I varied from 1.8 to 7%, while a further increase in the
. turbulence level up to 22%.resulted in another increase of only
5%. This tendency of Nu towards a limiting value as I 1is in-
creased seema to indlcate that at a given Re, I is more effec-
tive in the low range of turbulence.. Moreover, the higher the
Re, the more effective is 1, the second having almosf.no effect

at low Re ( Re<500).

Maisel and Sherwood (44) however, did not confirm the type
of relationship obtalned by Comings, Clapp and Taylor. Whereas

the latter found a definite flattening of the ocurve Nu versus I
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for high values of I, Malasel and Sherwood obtained a reverse

curvature in the case of spheres.,

Van der Hegge Zijnen (45) seems to be the only one who
made a systematic 1hvestigation of the cbmbined influence
of the scale of turbulence, L, and of the intensity of
turbulence, X, on the transfor of heat from 2. cylinder
in oroéseflow.: In'hislextengive meésurementsa the scale of.
turbuienoe eriéd from valueavmuch greatér'thang %d &aluee
oomﬁarable to the oylinder diameter (o;3<:L/D?:2ao), The
range qf Be covered extends from 60 to 25,800 and that of the
‘turbulence Lntenaity,:rrom ¢ to 14%. Hié conclusions from

.his experimental reaults for Ru#, defined 238 the ratio of

"(Nu’turb over—;'(Nu)1 are :

1) At»éoneta@t value of the ratio gig.vgg? inoreasss with
(Re x I), the rate of 1$orease being highest for low
values of the produot: when (Re x I)?»loo'the rate of
increase 18 constant.

2) At'bonstaht value of the product (Re x I), heat trans-
fef élther inoreases or decreéses with increasing scale
ratio, the maximum being reached when (L/D) is about
1.5 to 1.6. | | '

3) Any variation in I or L is more effective at higher Re.

“Moreover, he noted that :

4) In the range 60 <Re <600, no turbulence effect on heat

trahsrer was found up to a turbulence level of 13%.
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5} The optimum value of (I/D) = 1.6, may correspond to
a condition of resonance between free-stream fluc-
tuations and eddy shedding. Thls resonance would
reinforce the oscillation of thé eddies in the wake
and cause the observed maximum in Nu*., This hypothe-

sls has been supported by Fand and Cheng (48).

The aunthor assumed that the following equation repre-

sents well the turbulence and.scale effecis on heat transfer :
Nut = [ 1 +f(Re x 1)Y(L/D)] (11)
where Yand'?'are two empirical functlons.

Although this investigation was carrled out carefully,
gome results are quiﬁefinconélusive : at Re = 10,000, Van der
Hegge Zijnen'’s curves predict that, for (L/D) less than 1.6,
increasing the scale would increase the effectiveness of the
turbulence, wﬁereas ﬂnﬂmrb thébry predigts the opposite and
Dryden's data seem to confirm Taylor's point of view. Besides

the scale of turbulence haes en effect even at (L/D) exceeding

ten.

Kestin and Maeder (22) carried out experiments at high Re
(140,000<Re< 300,000). Their results are presented in the
form of curves of Nu, at constant value of I (varying from 0.8
to 2.5%), which indlcate that I is much more effective at low
values of Re in this range. An attempt to correlate the varia-

tion of Nu &t constant Re and Pr with Taylor's parameter did

not lead to a useful result.
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Kestin and co-workers (b7, hé) studied the comblned efects
of the pressure gradient and I upon the heat transfer to a flat
plate. In'the'case of zero pressure gradient (47) no effect
of lhwas detected in either the laminar or tubulent boundary

layer, I simply forces translition to take place earlier.

In the case of a moderate pressure gradient (49) a siight
increasevin free stream turbulence was found to inorease heat
transfer throughgalléminar‘boundary layer, but nqthing happened
in the case of a turbuleht boundary layer;

" In spite of the failure to find a correlation, it is pos-

“.8lble to éummarize the results of the investigations reported

' abové as follows : | ‘ | |

- Free;stream turbulence may affect heat (aqd masg) trans-
fer rates bqth locally and through flpw configuration.

- The Local effect is much greater on a laminar boundary
layer than on a turbulent boundary layer or the wake.

~ Since the skin and drag coefficient are much less af-
fected by turbulence than the heat transfer coefficient,
it seems that theitemperature profile in the thermal
boundary layer 1s much more senslpive to variations of

I than the veloclity profile.

d),Efféct‘gf‘Turbulence on Transition

This topic being of particular interest to the experi-
mentdlpart of this thesis, it wlll be discussed in some detaills.




The first theory dealling with instability of the leminar
boundary layer is the well known Tollmién-Schlichting theory.
This theory correctly predicts the growth or decay of small

" disturbances in the bouﬁdary layer but cannot predict where
transition will occur. Moreover, it applies only at low le-
vels of.turbulence intensity. (I'< 0.2%). For_highér I, Taylor
(SO)vand Wieghardt (51) postulated that pressure fluctuations
coupled with I are mainly responsible for transition and they
estabiished;that the (Re) crit, depende on the single parame-~

_ter.ﬂ_: I (D/L)ll.5 usually called Taylor’s parameﬁer., Dryden
and Schubauver (52) successfully applied thls parameter, which

‘reduced the scatter in their data in the transition zone.
However, itlcannbt be épplied to commonly occuring non-isc-

tropic flow and its vélldity at higher I levels and lower Re

cannot be agsumed.

Torobin and Gauvin {53 to 58) in their extensive review
"of the fundamental‘aspécts of s0lid.- gas flow, fully discus-
sed the three causative factors wh;ch are mainly responsible
for transition namely, ﬁhe pressure gradient, the roughness
of the surface and the disturbance in the free-stream. It
is recognized to-day that a favorable pressure gradient will

postpone transition whereas an unfavorable one wlll promote 1t.

In their experimental study on freely-moving spheres at
low Re' ( 400 - 3,000) in turbulent alr stream (the relative

intensity of turbulence in the case of a freely-moving part-
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iclevcan’reach values as high as 40%) no particular diamster
effect on the transition phenomenon was detected. Besides,

all the results at I>1% confirmed that the magnitude of the
turbulent disturﬁance rather than its frequency was the first
causative factor for tramnsition. They proposed that transiw

tion will ococur if the ratio Er/Ev (E.. = turbulent energy of

T
the oncoming fluid; Ev = viscous damping energy) reaches a
critical value which allowssufficient penetration of the free~
stream disturbances into the laminar boundary layer in order
to'proﬁote turbulen&e in 1t. In mathematical terms, this cri-
teridn reduces to :

12 (Re) opyt, = constant (12)

Thelr experimental data on spheres agreed with thls corrsela-
tion quite well, which seems to confirm that, at least for
high turbulence levels, the scale of turbulence is a minor
parameter. This small degree of dependence is corroborated
by the fact that a power of only 1/5 was taken to account: for

scale effects in the Taylor parameter,

Van Driest and Blumer (59) formulated a oriterion for
the transition of the boundary layer, by congidering that
the‘ratio of the local inertlal stress to the local wviscous
stress must reach allimltlng value somewhere in the flow,
With that assumption they derived a transition equation glven
as

528

] 2 e
19690/(Re)x,t = o‘,321/‘(m+0«11)o + 0.737 Iz(Re)g’z

(13)
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where subscript x refers to the distance from the stagnation
point where trangition § té turbulence takes place; m is de-
fined by Umaxd<%m where Up.. 18 the velocity at the outer edge
of the boundary .layer; ;;35-19 a given function of m only .«

This equation fits flat plate (m = Q) transition data well.

Recently, Talmor (80} reported a heat transfer investi-
éation to throat tubes in high~temperature transonic cross~
flow with éombustionwihduced turbulence which'indicates that
the boundary layer around smell (61) and large (62) diemeter
throat tubeé iz turbulent essentially from the stagnation point
or very cloase to.1t (G'=.10°). Then,becéuse he was not ablé
o measure'; directly?‘Talmor sdlved Van Driest and Blumer's
equétlcn fdr LI and found that transition tock place at the
observed points on the 6y1;nder'for values of I ranging from
15 to 208. These values belng quite reasonable, it seems thaﬁ

the method could provide and indirect method of measuring L

Recently, Kozlov (63), while reassessing some of Taylor's
assunptions, derlived the following relationship for a flat
plate s

(Be) = (Re) + G 12 + Ay W2 g 15/ (18)

orit.

V. .
Where {L,ia a parameter depending on the pressure gradient

and {Re), 1s tbe minimum Re below which nc transition could

take place. Tetervin (64) predicted a minimum value of 4b
whereas Van Drisst (65) suggested 268.

Aes already discussed,; knowledge of the flow pattern about;
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ocylindera at the point or region where transltion cccurs is

86411  Ancomplete.

In additioﬁ.to the contradlictory interpretations of the
tocal hegt transfer curves around & body,; the specific gtu~
dies, dealing with tramnsition do not shed more 1light. Wads-~
worth (36) assumes momentary separation of the laminar hound.-
exry layer to be a necessary condition, whereas Kramer {56}
refers to experiments in which transitlon occurred without
separation. Taylor, Wieghardt, Van Driest and Elumer and.
others Waikers aésume the pressure fluctuationsg and the frsew
stream turbulence to tause separatlon, whereas Stexnberg {67)
dissgreea with the above assumptions and supposes that turbu~
lence acts on the laminar boundary layer by creating large

Reynolds shear stresses in it.

It ocan be concluded that the laminar boundary layer reachs
ta'freeéstréam‘f;q@tuabions in a wvery complicated menmer and
tﬁat, at presenﬁ, no satisfactory theory is avallabls ta ax-
plain and predict the mechanlsm of transition.

EFFECT OF LARGE TEMPERATURE DIFFERENCES

)

Large temperature differences ?qse two main problems :
hdw they affect the value of h, and how to take into atccount
the resulting large variations in physical properties. As
discussed by Audiutori (68), the so-called "Newton's law of
cooling' is a very useful concept if, and only if :

dh / 4 (AT) =0 (15)
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i1t seems that equation {15) is clearly satisfied for mode~
rate AL, but at higher values this ig not sc. Hilpert {69}
found thet b was about 6% higher for AT = 1,000°C, than for
A = 1000, |

MoEligot et al. {70) observed thet large temperature dif-
ferences between & gas heated {while in turbulent flow through
a.tube)‘and the wall reduced both the heat rensfer amd the
skin friction in comparison with small AT behaviour et the
game Re, whereas Peturkhov et al. (71) came to the opposibe

conclusion for heat transfers

Churchill and Brier {72) showed that existing correlations
based upon small AT do not adequately represent data for large
AT because of the lack of similarlity in the variation of phy-
 sicel properties of flulds and the impossibility of finding &

wropexr temperature besis.

However; in many gas studles involving a large égg,‘aat1s~
factory representatlon of the data fbr both overall and'local
heat transfer rates was found possible by the introduction or
the paremeter (Ty/Ty). For liquids, a better representation
is achieved by a viscoaity ratio factor with an appropriats
exponent.‘ The cholce of the appropriate temperature for the
evaluation of physlical properties in the gase'of large tempe-«

réturejdifferencea_wmll be discussed later,

Eckert (73, 74) has shown that when the temperature varia-
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tion through the boundery layer is such that Cp varies consl-~
derably, the temperature difference should be replaced by the
snthalpy difference. Thls 1is particularly important under
conditions in which thermal equilibrium does not exist and
a single temperature carnot properly describe the state of

the a8«

EFFECT OF COOLING OR HEATING ON HEAT TRANSFER

Sehlichting (75) showed from the boundary layer eque~
tion that the heating or cooling of a body should have sonme
offect on the stability of the boundary layer. For ¢oolling
a gar, the boundary layer should be destabllized because the
viscosity inereases with temperature. Perkins and Leppert (12)
while studyling the pressure dlstribution around a cylinder
when the latter coolé or heats a filuid, did not find signifi-
cant differences over the leminar boundary layer region. How~
ever, thelir dats seem to lndicate, Iin agreement with Schlich~
ting's suggestion, that coollng or heating may affect both the

pressure distribution and the transition point when Re 1z near
(Ra) crlt.
Smith and Kaups (76} found,; in their study on leminer

boundary layers in water, that heating the wall had a strong,

fgvorable effect on the boundary layer stabllity. In adverse

pressure gradients, a heated wall appeared to delay separation,

It has been observed experimentally that cooling and
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heating data fall on two different lines. Douglas and Chur~
chill (Zh) however, achieved a reasonable agresment when they
replotted all the date for heat transfer to e¢ylinders in cross~

flow on the basis of the Tilm temperature.

Hevertheless, several authors (72} (77) recommend the use
nf two different llnes, thls beling more comnsistent with the

prineiple of similarity of two nonisothermal systems.

EFFECT OF BODY SHA?E ON HEAT TRANSFER

Aégording to the principle of hydrodynaﬁic simllarity, it
is obvious that the shape and the orientation of the body wlth
respect td'flow congtitute the most important parameters which
affect the flow and the heat transfer. Therefore, one cbuld
expect a8 many relationships for heat transfer as there exist
dirferent shepes of partlclesin different orientations. How-

‘ever, some attempts have been made to find a standard characte-
ristic 1ehgth whiah could allow prediction of heat transfer for
'any shape of particle from a standard heat transfer equation.
Although; tha'problem is probably too complex for this simpiiu
'fiad approach, some of these attempts have succeeded reasonably
' wéil» ) | . “

In 1953, Krischer (78) defined a “flow length“jaa, as the
length of the path covered by the streaming medium along the
surface., ‘Subgequent investigations on héat and mass transfer
- (79, 80) on fourteen shapes showed that E& nay be considered

as useful for two dimensional shapes only.




34

Polonskaya and Mel’nikova (81l) suggested that A%¢5 ghonld be used

instead (ﬁ is the surface area).

Pasternak and Gauvin (82) studied the convective heat end
nass tranéfér for twenty shapes suspended ih variouévqrientations
in a hot turbulent air stresm at moderate Re (400 ~ 8§000).

They derived avcharacteristic 1ength L? from qQquallitative boundary
layer considefations which takes into account both the body shape

and the orientation of the particle énd which was defilned by :

Lt =4/ P | (16)

where EE is the mld cross-section perimeter normal to the flow.
A stendard correlation was obtained with a scatter of only ¥ 15%.

This concept was also gpplied to freely-moving bodies.(83).

Shehitnikov (84) tried to apply the above characteristic
lqngths in the case of pure convective heat transfer at much
higher Be (10,000 to 140,000) and found better correlation of
hls data by using the reduced perimeter over the mid-body cross~
section (/).

SURPACE _EFFECT ON HEAT TRANSFER

Surface roughness‘may affect the heat transfer by ereating
in the boundary layer some disturbances which under certain cir-
cunstances, may grow to be large enough to destebilize it and
promote transltion. Artifieclal roughness can be achleved by

negne of strips or tripplng wires, and relevant studles
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are found in ref. : (13, 22, 27, 56, 85).

The surface may also have a chemlcal‘action on the

filuid, and heat generation may be involved as well. This
ls the case for tests in arc-heated streamsof dissociated .
nitrogen where recomﬁiﬁabion of the atoms takes‘plaqe at
the-surfaée; For such cbnditions Winkler and Sheldahl (86)
‘reported that errors up to 20% had been experienced in the
neasurement of free-stream enthalpy by not maintaining a
| highly catalytic surface on their probe. The rate at which
heat 1s evolved during recombination of nitrogen atoms at
‘the surface has been investigated by Chludzihski, Kadlec_and
Churehill (87) and it was found that the contribution from
the heat of reaction could be as important as that of the
convective heat transfer itself. In that case, any modifica-
tlon in the state of the catalytic surface affects the heat

transfer meaSurements to a large degree.

EFFECT OF MACH NUMBER ON HEAT TRANSFER

The formation of the boundary layer is due to frictionsl
sf'fects between the surface and the viscous nature of the
f;owing fluld. ¥Fluld friction is an irreversible process and
therefore generates heét which must be considered in fhe ener-
gy equation. As already mentioned, however, for veloclties
corresponding to M'<:O.5, the influence of frictional dissipa-
tion 1s negligible with respect to the convective heat trans-

fer. For velocities beyond this, 1t gradually becomes of major
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importance and references(19) (20) and {88) have studied this
effect on heat transfer, in the low Re range (0.02<<Re<(1,000)
for continuum flow or free molecular flow. _The experimental
results clearly show that :

~ At & given:gg, Nu decreases when M 1increases;

- This effect 1s larger the 10wer_§g is.

EFFECT OF A JET FLOW ON HEAT TRANSFER

Kubanek (1) has fully reviewed the hydrodynamic proﬁera
ties of free and confined jets. Emphasis should be placed
here on some aspects of heat transferAko e body 1mmersed‘1n a
Jét flow. The changes in the properties of a jet in both the
axial and radial directionsof the flow issuing from an orifice
causes floW'problems Wﬁich are not encountered in studies in-

volving a duct or a wind tunnel.

Schuh and Persson (89) investigated the effect of a two-
dimensional Jet of 1;m1ted,1h1t1a1 thickness upon the average

heat transfer of a cylinder in cross~-flow placed at differént,v'

d;stances, 2, from the nozzle. The Reynolds number based on
g_and V at thé nozzle exlt, ranged from 20,000 to 50,000,
Su;prfsingly, the maximum heat transfer éoefficient was ob-
tglned for a jet with én initial thickness of 1/8 the cylin-
der D and with the cylinder at a dlstance from the nozzle
eXit of about two to elght Limes the Jet thickness. This re-
,,,éult waé explained by the abllity of thin jetsto adhere to

curved surfaces (Coanda effect).
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Gardor and Akfirat (90 showed that some seemingly anoma-
lous heat transfer phenomena with lmpinging Jets could be exp-
lained as effects of the intense and spatially-varying turbu-
lence inherent in jets. As a matter of fact, turbulence in
: Jets is generated bybthe Jets themselves while in a wind tun-
'nel & more uniform distribution of turbulence is artificially
- obteined over the test sectlion. Besldes, I has been found to*
be uniquely detefmined by the Jet Re and the dimensionless jet
length EZE (Where|g is the dilameter of the nqzzle).-

EFFECT OF BLOCKAGE ON HEAT TRANSFER

When a cylinder blocks off a large proportion of the chan-
nel cross-sectlon, the pressure and.velocity-distributi@ns.ghe
separation énd transition points, and the local heat transfér
will be affected. Perkins and Leppert (12), using both poten-
tial flow theory and pressure measurements, investigated and
correlated the effect of blockage on the hydrodynamic behaviour
over the front half of a cylinder. Blockage 1n:this region
was found to force velocities to increase, separation to ocour
turther downstream and veloclty distributlons to be more like
those predicted by potential flow theory. These authors and -
more recently Talmor (60)2 made an extensive revliew and compa-
rison of the‘exisﬁing methods for correcting the local or
average heat transfer data for blockage effects. Therefore,
no further discussion will be presented here, exceyt for
stressing that these methods are purely empirical and correct

the effect only partially. Studies (12, 60, 61, 62, 91) invol-
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{ : .
ving h;@‘;h blockage ratios should be ezamined with <&lrecumspec-
tion when they are to be compared with other heaf transfer in-.

vestigations in which this problem iz absent.



1V. CONVECTIVE HEAT TRANSFER CORRELATIONS

FOR A CYLINDER IN CROSS -~ FLOW

1HE_CIRCULAK CYLINDER
» Iinder the condition of pure counvective heat transfer,
- 1% has been shown in the section on similarity of two nom -
1sothérma1 systems that the heat transfer coefficient was a
function of Eg and Pr aloné ¢
 Nu = £ (Re, Pr} (17
The available evidehce indiecates that a form of this
functio@ is 3 ' _
| | Na=a+b (Re)n (Pr?m {18}
Where,g is the value of the Nu in the case of an almost stag-
nant fluld and has values of 2.0 and 0.32 for a sphere end &

sylinder; respectively.

An snalogous equation exists for mass transfer :

o , n n
h =2 +b (Re) (8¢) | | {19}

It is usually admitted from both experimental
observatlon and theorical consideration that m = 1/3. Under
conditions where heat transfer and mass transfer are analogous -

processeé, equations (18) and (19) are identical.
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Al very clear example for this is given by Sogln and Su-
bramenian’s work‘(llfz)9 who found an excellent identity between
the local Nu and Sh in the boundafy iayer region of & cylinder.
For relatlvely large Re, the contribution of 2 1is neglliglble

and the pure convective heat transfer equation becomes

. 1 1 3
Nu = b(He}n (Pr) ‘3 {20)

Most of the correlationd for eylinders are reported in

this‘form*

Colburn {16) proposed & general method of correlating
heat transfer data by plotting :

2/ ' 2/
Jy = (St) (Pr) > e (t1 -~ t2)/ At (S/A) (Pr) 7 {21) .

versus Re, where h in the Stanton number is the filﬁ coeffi«'
clent, The advantages of using this dimensionless number are
twofold ;3 Jy contains the date which are generally Found in
ﬁxperlmenténand which are usg¢'1n the¢des1sn of heat exchan-
gers,.and secondfy, Jg =:§f/2'when the Colburn®s analogy be-..
tween. heat and momentﬁm transfer’ holds. Moreover, Colburn
pointed out that the usual way of plotting (Nuzngr)l/3

versus Re was the same as plotting (JH) (Re) versus Re,

which thus involves plotting a function against itself. Be-
cause it is Lsually admitted that the‘éxponent of Re is 0.5
1# the suberitiecal range, Kestin (37) found it more conﬁenient
1h the study of particular effects, e;g. turbulence, blockage

etc, to present the heat transfer results by the Froessling
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number {Fr = Nu/(Re)l/z)° In all the relationships which will

" be reviewed, it must be kept in mind that small differences in

n {which occur in measuring the slope of the strailght line on }
log=log coordinates representing equation (20)) cause large

changes in the value of the constant b.

A consliderable divergence of opinion exlsts about the
temperature basis at which the fluld properties must be evalua~
ted. Some authofs (16, 19, 71, 72, 77) recommend the use of
the bulk temperature T,; others {16, 24, 45, 92} the filﬁ
temperature Ef define;*as (Tb + TW)/'Z9 and others, e.g. Kestin
and Maeder (EZ) and. Hllpert (69}, rather than a temperature,
calculate the integral mean value of the physlcal properties

through the boundary layer, that 1s s
T
NV = /{7, - T ) VaT © {2z
w p :
W

Talmor (60) used for reference temperature the arithmetic
average of the gdiabatio wall temperature gequal to the stag-
nation temperature for Pr = 1) and the actual wall temperature

lies (Tgy + Ty)/2.

Davies and Fisher {20), from both experimental evidence

and theoretlcal considerations, strongly recommend the evalua-

tion of the thermal conductivity k of the fluld at the tempera-~
ture of the wall.

McEligot, Magee and Leppert (70) present a table couparing



42

twenty different 1nvestigationsxn1convebtiVe heet - transfer
inside a tubey from which it can be seen that the film basis
22,18 usually employed for the average heat transfer coeffi~
clent, whereas Tb 1z used foxr tEQ locai‘heat Yransfer coef=-
ficlent. Receﬁ:—experimental studies on convective heat
transfer with h&gh temperature differences inside,(?o) or
outiside (72) a oyiinder or on a flat plate {71} seem to in-
dicate that Tb is é better basis, whersas Tf isg restrlcted te
low ox moder;:e temperature differences. G;iess otherwise
stated, T, will be assumed ag the basis in the following dis-

cussion,

Loocal heat tranafer results are usually preéented graphi~
cally (12, 21, 26, 27, 28, 29, 32, 37, 72, 93). Martinellt
and eo-workers (94} gtudled the data of Schmidt and Venner
(27).and proposed the following empirical’equationjfor pre-~
dloting the local Nu around avcylinder for © up to 80° and

free-stream turbulence level I <1%.:

W = 118020 00 (2e)% %0 [1 - (O/90)%] (23
This equation, for 0 =0, reduces to the well known

Squlre - equation (95) at the front stagnation point ¢

0.40 ‘RG)O.SO

Nu = 1.14(Pr) L0.6< PP <2 (24)

while Perkina and Leppert (12) obtained from a theoretical ap-~

proach :

0,50 0,36 :
Nu = 1,08 (Re) (Pr) . 4 {25)
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Telmor (60) recently reported heat transfer results for
immersed cylinders ln a hlgh temperature transonic cross-flow
with high blockege ratlos. These investigations, with combug-
tion-induced turbulence, indicated that the boundary layer
around small (61) or large (62) dlameter throat tubes was es-
sentially turbulent,the transition teking plece at approxi-
mately 10° from the stagnation point. A blockageecgrrectlng
correlation was proposed at the front stagnation point fox
T L1%

vy /(223" 2 ik [k (me] 02 (26)

where Ks = [1 * (D/W)0'5W 18 a blockage~correction factor.
Moreover, & relationshlp for the heat transfer at the stagna-

tion peint and the average around the cylinder was presented :

stas.ox (e 0% J [(Mlo/(ﬁ‘?a%o]o.uo Djazfsc ﬂnzpojo.zo

avg .. A4k
[70/79] 2" 7% = 0.0155 (27)

l'l Nu)

where Ty/To = 0.5(1 +T /T ) and the subscript o refers to
stagnatlon conditions. It is worthwhile te mention that the
same authqr, in a previous gtudy (96) derilved two eguations
whose essentlal feature 1s the predictlion of the local Nu in
the case of a laminar or a turbulent boundary layer from a

knowledge of the angular pressure distribution data only.

Richardson (43) in examining the loocal heat transifer coef-

ficlent obtained by wvarious workers {5, 21, 31, 32, 42) con~
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cludes that Nu at the rear stagnation point is proportional
to Re to the 2/3 power.

For the average heat transfer coefficient the standard
relationship is that of lcAdams (92). He plotted all the
convective heat transfer data available in 1950 between air
_énd a cylinder in cross-flow. Re varied from 0092 to 235,000
and the'fluid.properties were evaluated at-Eﬁ’ except for the

density which was taken at T Since the Nu - Re line, when

-bo

plotted on a log-log scale was curved, several straight-line

correlations were proposed for different ranges of Re :

0.1<Re < 1,000 Nu = 0.32 + 0.48(_33),0“52(?1-)0'33 (28)

11,000 <Re < 50,000 Nu = 0.27 (e) 060 (pr) %"’ (29)
. 0.33

50,000 < Re <250,000 Nu = 0.027(Re)°"%%% (2r)°*? (30)

| McAdams recoﬁmends ﬁhencorrelation reported by Hilpert
'(69) as being the most réliable and represenﬁatlve of most

4of thevavailable.data. Richafdson (97), however, recently
suggested that Hilpert's results could be incorrect. This
point will be discussed later. Kestin and Maeder (22)y not=-
ing the coincldence of their curve at I = 0.9% with Hilpert's,
éuggested that this coincidence could constitute an indirect

determlnation of Hilpert®’s free-stream turbulence intensity.

Churchill and Brier (72) investigated the local heat
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transfer at low Re (300<iReb<:2,300) and high temperature dif-
ferences (580<Am<148000F.) in a low turbulence level nitrogen

stream (I <2%). The average heat transfer coefficlents were

about 304 higher than those predicted by McAdgms and were better |
correlated when the physical properties were evaluated at Ty ﬂ
They proposed the followlng relatlonship for the average Nu :

0.5 1/3 . 0.12 ‘
Mu = 0,60(Re)b (Pr)s (Tb /Tw) (31)

where (Tb /Tw) accounts for the large temperature difference.

However, the scatter of the points and the narrow range of (Tb/Tw)

which was investigated cast doubt on the significance of this

temperature ratio.

Douglas and Churchill (24) in 1956, replotted a2ll the date
avallable for both the cooling or the heating of & cylinder by

a gas and showed that a single Nu -~ Re curve could be obtained
if all the propertles were evaluated at Tf. A semi-theoretical

equation was presented :

Nu = 0.46(Re)o.5 + 0.00128 Re 500 <Re < 300,000 (32)

which essumes a laminar reslstance through the boundary layer

and a turbulent resistance in the region of separated flow.

Several authors (12, 24, 93, 98, 99) and Richardson in
particular (43), have suggested that a more realistic relation-

shlp would be obtained if, 1instead of postulating an
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expression of the form of equation (20}, the total heat trans-
fer were expressed as the sum of the transfer of heat in the
boundary layer and in the wake reglons, each being assessed
independently of the other. Richardson proposed the follow~

ing eguation :
Nu :[?I(Re)o‘5 + Cz(Re)ij(Pr)l/3 {33}

where C, 18 a coefficient belng affected by free-stream tur-
bulence whereas 02 18 not slgnificently affected by it. His
resulﬁs were bounded by the twe equations :

2/3

Nu 0.37(Re)0') + 0,057 (Re) ' (34)

i

Nu

i

0.55(Re)%*5 + 0.084(Re) %7 (35)

The varliation in C1 was due, as already stated; to 1,
whlle the variatlon in C, was attributed b6 experimental errors.
The value 2/3 of the exponent r was ascribed to the wake beceuse
such an exponent wés reported in many investigations on heat
transfer in the wake of other blunt bodles. Other authors (12,
72, 98) have confirmed the correctness of this value while

gome others (24, 93, 99) postuleted a wvalue of r = 1.

Churchill and Brier (72) presented a very intermsting plot
showing the variation of n (see equation (20)) around a dylinder.
While n was quasi-steady for 0< < 80°, varying from 0.55 to
0.50, an abrupt drop was dlsplayed in the region of separa~

tlon, followed by a marked Jincrease up to the rear
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stagnation point. for which region n varled from 0.27 to 0.9.

Hence, an average value of 2/3 seems gulite sensible.

Fand (98) equated ths twb parts of the right hand sids
of equation {33) %o each other at Re = 39,000, becsuse
Mchdams reported that, at this gg, the two contributions are
- 1dentical, and found n = 058

Perkins and Leppert {12) investigated local heat trans-

1

for coefficientsbetween s uniformly heated cylinder and water

in oross.flow at high Re (2,000 to 120,000), moderate Px
(L to 7). Low/\T {20 to 120°F) and high blockage ratios D/
{0,208 to 0.415)., Theilr date were represented by twe equa.:

tions i

0.25 0,40 0.5 0.47
(Nu)(/‘g\,/j“b} {(Pr) =0.31(Ré) "+ 0.11(Re} {36}

(‘Nu.H/AW//fo)o Sx) = 0.57(mé) +0.0022Re* (37}

where gg?is the blockage~corrected Reynolds number (Re*:
¥..D/V). Correlation (36) appears to be more satisfactory
than (37).

Fand (98) carried out similar experiments except that
L" .
blockage effects were carefully avoided (10 <Re <105 and
o
L<AT <10 Po)e His results are in good agreement with

McAdams® correlation :

.30

0 :
u = 0,35 + 0.56(Re)**52] (pr) | (38)

Sy
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which had been derived for liqguidsin the low Re range {(0.1<
Re <200¢). Fand’s data were equally well represented by the

'equation 2

ma = [0.35 ¢ 0.34(2e)”"” 4 0.25(e)® %8 | (@)@ (39)

Perkins and Leppert’ s results are 60% higher than those of
Fand., The difference in I could not be made to ascount for
more than 20% of this difference, end Fand has suggested that

the’reméinder wag due to the blockage and secondery flow ef.

feots.'

The only correlation which exists t¢ predict the effect
of scale and intensity of turbulence of the free stream on
the heat transfer to cylinders is the one proposed by Van deyx
Hegge Zijnen (45). His work having been already examined
(p~ 24}y his relationship will just be restated :

N = (Nu) oo /), -.-..[1 + P(Bex I)y(r./m] (40)

From a collection of known data; the same euthor (99) de~

‘rlved the following equation for cylinders in air :
- .0.5
Nu = 0.35 + 0.5(Re) + 0,001 Re (41)

This relationship has been confirmed by Van Meel (93), who
developed an original technique to measure the local heat
transfer, whose essentlal feature 1s that only fhe_temperature

distribution on the surface has to be known.
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Heat transfer to fine wires from rarified air streams has
been studied by Baldwin (100) and Davies (19). The former
found that under slip?flow condition (Kn> 0.01) the exponent
of Re shlfts from 0.5 to 1. Davies, from theoretical develop-

ments, derived a relationship relating gg to.the skin friction

coefficient &

Nu = (ep) (Re) (Pr) /17 Y (h2)

where ' = Cp/Cve Several equations are presented to evaluate

0f~n

Heat tranafer to thermocouplesis a matter of importance
in the determinatlion of conduction and radiation corrections

in hot gas streams. This subject has been reviewed in Ref. (1)

and the relationship of Scadron and Warshawsky (101) is given

below i
0.5 0.3
(Nu)t'= 00478(Be)t (Pr}t (43)
250<(Re)t< 30,000 0,1 <M (\0.9_

where the physical properties of the gas are evaluated at

the total temperature.

Mention must be given to Chludzinski et al. (87) who
investigated the heat transfer to a thermocouple immersed
for periods less than 0.1 sec. 1n a 5=-Kw. radlo-frequency

argon-nitrogen plasme jet. The coeffliclents they obtained




50

were more than twice as high as those predicted by equation,
(43), due to atom recombination at the surface, and were cor-

related by the following correlation :

o 0.5 0.3 u 0.5
h = 1.05(kb(D) (Re)yp, (Pr)p +‘(0¢20/12D)

-20

[1972 10 ¢ -20

+ + 1.11 10

=20
A CN+ + 7»5 10 CN;]

(bk)

THE NON-CIRCULAR CYLINDER

Correlations to predict heat transfer to non-cirgular
c¢ylinders can be sald to be non-existent. It seems that only
Hilpert (69), and Knoblauch and Reiher (102) have 1ﬁvestigated_

the field. Results are reported in the form of equation (20)
4 . o |
~ Nu = b (Re) : - (45)

This equation has been applied to gases only, and values

of band n are given in Table I.

Recently, however, Harlow and Fromm (103) studied the dy-
namlcs and the heat transfer in the Von Karmén wake of a rectan-
gular cylinder (25‘<Be<(400). ‘The heat transfer was measured

from the heated rear of the cylinder and their results, after

_ 1 _
blockage correction, showed that‘~

- at very low Reynolds number (Re <100), the Nusselt number
1s proportional to Re at the 1/2 power : -
Nu = 0.36 ReY/? R (46)
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TABLE I.

- HEAT TRANSFER TO SQUARE CYLINDERS

Flow direction | Re

, n b | Observer
and profilie ~ from to T
-4
—_— P /5,000 |2100,000 | .675 | .092 (69)
5
¥ : .
— B 2,500 8,000 | .699 | .160 ] (102)

—_— QB& 2,500 74500 | 624 | 261 '('102)

= <ZB§ 5,000 | 100,000 | .588 222 | - (69)

b The  cloaclusle  fugh el wm kable () i He cbamels o
N cacalay 7LWAL Wi epua Au/Zw ’ua

- for 100'<Re<:150 transition 1n the streakline pattern

takes place-

- for Re> 150, Nu is proportional to Re at the 2/3 power
M= 0.135 Re¥/3 (47)

indlcating "a tendency to universal behaviour for heat
transfer in the region of separated flow", as previous-

ly suggested by Richardson (43).




BOMAN SYNBOLS

a ~ constant
A - gurface ares, ftoz
b - constant
c - velocity of sound, ft./sec.
Cp - skin friction coefficient
Ci1s Cop - constants
Cp - specific heat at constant pressure, B.t.u./lb.oF.
Cy - gpecific heat at constant volume, B.t.uw/1b.°F.
D . = dlameter, ft. _
Dy - molal diffusivityg lbsmole/hr. ft.
D, - mass diffusivity, ft.%/hr.
e - expohent
£ - functlon
8¢ - gravitational constant.
G - mass veloclity lb./sec. £t.2
" h - heat transfef coefficlent, B.t.u./hr. £t.2 OF,
J - exponent ‘
K - thermal conductivity, B.t.u./hr. ft.% °F./ft.
kg - mass transfer coefficient, lb.-mole/hr. ftoz

L .= Bulerian macroscale of turbulence, ft.



m -
n -

P -

Pm -

a -

r -

R -

, S )
T -

u -

u't -

U -

mex

. v -

GREEK SYMBOLS

- A ;6"\F ~ I™w

53

constant

constant

pressure, 1b,/ft.2
mid cross-section perimeter, ft.
heat flux, B.t.u. /hr. £,2
congtant

radius, ft.
cross-gectional area, ft.2
temperature, °p. or °R.
veloclty component in x direction, ft./sec,
fluctuating component of velocity, ft./sec.

average velocity, ft./sec.

veloclty at the outer edge of the velocity
boundary layer, ft./sec. ’

velocity component in y direction, ft./sec.

duct width, ft.

coefficient of volume expansion, (ORJ-l

boundary layer thickness, ft.
mean free path of gas, ft.
viscosity, lb./ft.hr.
kinematic viscosity, £t.2/hr.
3.1416

density, lb./ft.>



DIMENSIONLESS GROUPS

E

Gr
I

Kn
M

Nu
Pr
Re

(Re)crit‘

Sc
Sh
St

SUBSCRIPT

aw

=

OPERATORS

QQ/gD

Eckert number, [Uz/cp (AT)]
Grashof number, |b3 g.p (AT) /v 2]

intensity of turbulence, [((u*)2)°°5 / u]
Knudsen number, ()\/D)

Mach number, (U/c¢)

Nusselt number, (hD/k)

Prandtl number, (Cp}L/k)

Reynolds number, (DUf’/ﬂ—)

~ oritical Reynolds number

Schmid: number, (/4,/ va)
Sherwood number,(kGD/DM)
Stanton number, (h/CpG)

adlabatic

bulk or free~stream
film

staghation

wall

free-stream

difference
proportionality
partial derivative

derivative

5k
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INTRODUCTION

Research in the field of high~temperature chemical and
métallurgical processing is rapidly geining momentum, prinel-
paily as & result of recent progress in the design of direct-

surrent plasme torches.

Kubanek (1), working in this laboratory, studied the
pure conveotive heat transfer from a nitrogen plasma jet to
water cooled stationary spheres. His results showed that; in
the low range of Reynolds numbers investigated (630 ~ 4300),

the boundary layer was turbulent in nature.

The purpose of the present work was to study, under simi-
iar conditions; the behaviour of clrcular cylinders and of a oy~

iinder with a square cross-gsection in two orientations,

HEAT TRANSFER TO CYLINDERS

Heat transfer by forced convection to oylinders in cross-
Tlow has been extensively investigated in the case of sireular
cylinders {2 ~ 19) whereas an almost negligible numbaer of stu-
dies have dealt with other cross-sectional geometries, suoch

as ellliptie (9, 20, 21), square {16, 20}, rectangulsr {(22)
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or hexagonal (16). All these studies have been conducted at
low or moderate temperature differences (less than 350°F.) in
streams of relatively iow turbulence levels. For circular cy-~
linders, however, a few experiments (1, 16, 23~30) were carried
out with temperature differencesg ranging from 1000 to SOOOOF.
In some of them (L6, 29, 30) the wall was ralsed to elevated
temperature (1000 to lBOOOF,) while the gas was at room tempera-

ture. Hilpert (16) observed a 6% increase in hD/km as the

surfece temperature was increased from 100 to 100000.

A coneykrable divergence of opinions exists concerning
the temperature baslis at which,the physical properties nmust
be evaluated. Some authors (1, 25, 31, 32, 33) recommended
the bulk temperaturg, others, the fllm temperature defined as
0.5 (T, + Ty) by (3, 1%, 34, 35) or as 0.5 (T, + T ) by Talmor
{36). Kesfin and Maeder (5) and Hilpert (16) integrated the
physical properties through the boupdary layer.

The effect of the intenslty of turbulence on the local heat
transfer coefficlent or the avérage coefflcient has been inves-
tigate@ by (2, 4, 8, 9, 37) and (5, 12, 14, 38), respectively.
Although a copaide:able disagreement exlsts between the results
of the varioug workers, general conclusions may be summarized

g8 fellows

- Free-stream turbulence affects the heat transfer rate

both locally and through flow configuretion;
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- The local effect is much greater on a laminar than on a

turbulent boundary layer or on the wake.

Van der Hegge Zijnen (14) seems to be the only one who made
a systematic investigation of the combined influence of the
scale and intensity of turbulence. He assumed that the func-

tional relationship between heat traensfer and these parsmeters

was of the form :

Nu# = (Nu).?grbo/(l\lu)lamf[l +f (Reo 1) Y (5, /D NS

From his experimental results he conqluded that :

~ At constant value of (Lx/D), Nu#* increased with the pro-

duct (Re.l), the rate of 1hcrease being highest for low
values of (Re.l); when (Re.I) >100 the rate of increase
was constant.

- At constant value of (Re.I), Nu# either increases or de-
creases wlith increasing scale ratlo, the maximum belng
reached when (EKLE) is about 1.5 to 1.6.

- Any variation in L or EE is more effective at higher Re.

Although his experiments were carefully conducted, it
should be noted that his data were quite ascattered and that some

of hls conclusions are opposed to those predicted by the Taylor

parameter.

Turbulence causges transitlon in the boundary layer to occur

at much lower critical Reynolds number. While Taylor (39) and
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Wieghardt (40) demonstrated that (Re)cri

called Taylor parameteer =1 (Lx/D)°°2 for isotropic and

t. depends on the so-

low turbulence streams, Torobin and Geuvin (41), in their
exﬁerimental study on freely-moving spheres at low Re (400 -
3000) and high relative intensity of turbulence (1 to 40%),
found that I was the first causative factor of transition,

eand obtained a criterion predlcting trensition :
2 .
I (Re)crit,'= constant = 45 for spheres (2)

Van Driest and Blﬁmer (42) proposed an equation which
predlcts, at transition, the location of the transition point
at the surface. Recently, Talmor (43) applied the equation
in reverse to obtain the turbulence intensity in a combustion~
induced turbulent sfream from a knowledge of the point of

transition.

As the caloculated intensity was of the expected magnitude,
Telmor proposed that this method may provide a useful means of
indirect intensity determination in situations where dilrect

measurements are lmpossible.

Several characteristic lengths have been proposed to pre~
dict convective heaﬁ (and mass) transfer to various particles
from a standard relationship.@ Krischer and Loos' characteris-
tic length.y (44) wés found to be applicable to two-dimensional
bodies only. Pasternak and Gauvin (45) studied convective
heat and masgs transfer for twenty Bhaﬁes sﬁSpended in various

orientations, in a hot turbulent alr stream (10%) at moderate



65

V4
g§~<uoo - 8000), They derived a characteristic length L
from qualitative boundary layer considerations which takes
into account the body shape and the orientation of the parti-

cle and which was defines as :

4
L =A/ py (3)
Shchitnikov (46) tried to apply the characteristic length
of Pasternak and Gauvin and that of Polonskaya and Mel’nikova

(47) (defined as A0°5) to the case of pure convective heat

transfer at much higher Re (10,000 to 140,000) and found a
better correlation of hls data by using the reduced perimeter
over the mid-body cross-section.(py /77 ).

Relatlonships to predict force-convective heat transfer
to circular cylinders for low and moderate temperature diffe-
rences are abundant. They can be obtained in the following

references (3, 10, 13, 14, 16, 17, 19, 35) and (2, 18, 35)

for geses and llqulds, respectively.

The heat transfer investigations at high temperature,

which are particularly pertinent to this work, will now be

examined.

Scadron and Warshawsky (27) have studied heat transfer to

bare thermocouples in considering the hot junction as consis -

ting of two cylinders. They obtalned the following relatlonship :

(Nu) = 0.478 (Re) **® (pr) 03 (4)
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in the ranges : 250 < (Re), <30,000; 0.1<M<0.9. The subscript

t stands for total temperature. Thls relationship has been

verified by Glawe and Johnson (48) at temperaturesup to 3000°F°

Churchill and Brier (25) investigated the local heat
transfer coefficient at low Re, (300<<(Re)b<:2,300) end rela-
tively high remperature differences (580 <Z§T<(1800°F.)1n a
low=turbulence level nitrogen stream (I <2%). Their average
coefficients were 30% higher than those predicted by McAdams®

correlation. They proposed :
. 0. ' 0.12 .
(Nu)_b = 0,60 (Re), 5 (Pr)bl/3 (TU/TW) (5)

Douglas and Churchill (34) replotted the data availlable
for both the cool;ng and heating of a cylinder by a gas and
showed a single Nu -~ Re curve could be obtalned if all the
properties were evaluated at Tf. A seml-empirical equation

was presented :
0.5
(NUQf = 0.46(Re)f + 0.00128(Re)f (6)
500 < (Re) » <300.000.

Chludzinski et al. (26) measured the heat transfer to a
thermocouple immersed for periods less than 0.l sec. in a
5-Kw. radio-frequency argon-nitrogen plasma jet. The coeffl-
clents they obtalned were more than twice greater than those

predicted by Scadron and Warshawsky’s equation, due to atom
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recombination at the surface, and were correlated by the

following correlation :

0.5 0.3
h = 1.05 (kb/D) (Re)b (Pr)b

-20

0.5
+ (0.20/12D) [1.72 10 Cuy

=20 ~20
} 1.11 10 CN+ + 7+5 10 CN] (7)
The first term in equation (7) is the convective contpin
but;on whlle the second is the reaction éontribution. It is
worthy of mentlon that the gas velocity was not measured, and
an average value, based on the toﬁal flow rate was used for

calculating Re which ranged from 2 to 10.

Recently, Talmor (36) reported heat transfer data for
cylinders immersed in a high.temperature (5,000°F.), high
blockaée ratio (D/W=0.75), transonic stream which consisted
of combustion products. Under these conditions, the boundary
layer was found to be essentlally turbulent, transition tak-

ing place at about 10° from the front stagnation point.

A relationshlp for the heat transfer at the stagnation

point or averaged around the cylinder was presented :

stag -1/3 .7 0.40T 2 2 10,20
[(Nu) or avg /(Pr) }[M”/(Re)-o,w] [/4(-) /sc /;D pOJ

0032
(T/Ty) = 0.0155 (8)

where TI/T0 =30 5(1 + T /T,) and the subscript g refers to
the stagnation conditions.
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Kubanek (1) studied the heat transfer to spheres in a
confined nitrogen plasma jet. In the Re range covered (600 ~
4,300), with temperatures up to 5,000°F.9 the boundary layer
was found to be turbulent as indicated by the value close to
0.8 of the exponent of the Reynolds number. The correlation

proposed was :

0. 0.33
For spheres : (Nu)b = 0,118 (Re)b 757 (Pr)b (9)

It is worthwhile to mention the hydrodynamic and heat
transfer investigation carried out by Harlow and Fromm (22)
in the von Kérmém wake of a rectangular cylinder at low tem-

perature difference in the Re range 25 to 400. Thelr results

for heat transfer, corrected for blockage effects, showed that

for Re <100, Nu was proportional to Re to the 1/2 power, where-

as for Re>150, Nu was proportional to Re to the 2/3 power.
The latter Nu -~ Re dependency 1is in agreement with the "uni-
versal behaviour® for heat transfer in the reglon of separated

flow suggested by Richardson (13).




EXPERINENTAL

APPARATUS

The Plasma-Generating Systen

The nitrogén stream was brought to high temperature by a
direct~current plasma torch manufactured by Thermal Dynamics
Corporation. The overall system consisted of four units : the
plasma torch, the control console, the power supply and the
cooling system. The power was supplled by a selenium recti«
fier, model TDC IA-40. The input voltage was 3-phase, 60
CeDPe8ss 757 volts, while the output open circult could provide
80, 160 or 320 volts.

The direct current could be adjusted up to 1000 Amp. during
operation. The cooling system, model H-20, malntained the torc¢h

parts at a reasonable temperature by circulation of distilled

water.

The console was equlpped with all the controls to operate
the starting system as well as the gas flow rate and the power

Input to the torch.

The plasma torch, model F-40, can be seen in Fig. 1 and 2 and
Table 1. The torch was 10-in.long and had a diameter of 2.75-in.



PIGURE 1

Photograph of THERMAL DYNAMICS

Model F=40 Plasma Torch
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‘ Configuraeion of THEHM&L DYNAMIcs

Model F- bo Plasma Torch
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TABLE I

LIST OF PARTS FOR F-40 PLASMA TORCH

Item Number
in Fig. 2

1
2
3
b
5
6
7
8
9

10
1l
12
13
14
15

Descrigtion

‘Electrode Knob

Plastic Insulator
"0° Rings

Insulated Main Body
Water Tube

Main Body Shell
Ceramic 'Gas Bing
Nozzle BSeating Plate
Nozzle Retaining Nut
Water-Tube Stud
Tungsten Cathode
Nozgle Anode

Gas Inlet Fitting
Water-Cooled Lead
Nozzle~Ad Justing Nut
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The gas i3 symmetrically distributed in the chamber around the
cathode by means of a clrcular, perforated,ceramic plate (item
No.7) before passing through the gap between the tungsten ca-
thode and the copper anode nozzle. Both electrodes are water=-
cooled., The gap between them was adjusted to 1/16-in. by turn-
ing the electrode knob (item No. 1) to bring the cathode against

the nozzle, followed by one turn in the oppositve dlrection.

.T&o gizes of nozzle Wefé‘emplnyed (with the corresponding‘
matching cathodes): No. 1, with e diemeter of 0.219-in., and
No, 3, with a diameter of 0,312-ino‘ The alignment between the
eleotrodeswaa 6heckéd visually before évery run by means‘of a
-hiéh-fiequenoy spark issuing f:om the shoulder of the cathode
Whilq thé gas stream flowed thfough fhe torch. Corrections
could be made by means of,thrée adJuétlng studs which allowed
félative displacement of the nozzle with respect to the éathode,
Alignmeﬁt was correct when thé aparklwas equally well dlsﬁri-_
buted all around the nozzle, Miselignment as well as humidity
6onpent in the gas éaused pitfing and quick deteriorationsof the
ﬁozzleo - . o
| ‘The ignition of the arc wés achigvéd by the high-frequeney
qurk:which had to be maintained until the arc current was ‘above o
90 emp., 80 the process could sustaln 1taé1f. It was noted that
the hligher the energy input, the more stable the arc was,

Wheaton and Dean (49) have carried out a study of the arc process

in a similar F-40 torch operating with nitrogen. They observed
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that the arc had the shape of an inside-out umbrella issuing
from the very tip of the cathode and proceeding down, from the
entrance of the nozzle to its exist where it extingulshed.

This is a cyclic process and was reported to occur at a frequen=-
cy of about 10,000 c.p.8. and to induce on the efflux some non-
homogeneities known as “pockets of plasma®, representing regions
of high locel temperature. These have also been observed in

an argon plasme jet by Watson et al. (50)

The Graphite Chamber and the Cooling System

The plasma Jet was confined in a vertical ARG graphite
tube, 71.35-in. long, 8-in. and 10-1n. in inslde and outside
diameters, respectively (Fig. 3 and 4). Six graphlte ports
were press-fitted into the chamber 1n three dlametrically op-
posed pelirs with thelr centres at dlstances of 12, 36 end 60
inches from the top. They were 19-in., long, 0.625-in. thick an
and had inside dlameter of 1.25 in. Flanges, allowing insertion

of probes, could be screwed on them,

The top of the chamber was closed with a press-fitted,
sealed 1.0-1n. thick graphite 1lid whilch was covered by a cooling
plate to protect the plasma torch and its leads from the heat of
the reactor. Holes of 1l.375-in. in the graphite and of 2,75-in.
in the plate; centred on the gxiq of the chamber, were provided
for the insertion of the torch. An off-centre 0.50-in, i.d.

graphite purge tube was also available,




 PIGURE 3

Photograph of Graphite Chambe: with Top Cooling

Plate and PlaamaiTqroh in Poéition,
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FIGURE &4

~ Sohematio Disgram of Graphite Chember

- and V'COOIing Sygt',em
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At its base, the graphite tube had a 3=in. thick gra~
phite screwed flange which rested on a water-cooled supporting
flange, The latter was supported at 85 inches above the floor
by two 4~in. x 4~in. I-beams. The gas leaving the chamber was
passed through cooled tubes before exhausting to the atmosphere.
The exhaust line was alsc provided with a cyclone separator, a
nitrogen injector; and a flame arrester for operations involving
fine particle 1injections into the torch, or hydrogen as working

gasg,

The graphite chamber was insulated with twelve inches of

"Fiberfrax®, enclosed in a steel shell.

A purge line was provided to flush the oxygen present in
the insulation material when the chamber wall was brought to
elevated temperatures. To measure the wall temperatures, nine
chromel-alumel 1/16-in., o0.d. sheated thermocouples were distri-
 buted along the chamber and were connected to a Minneapolis-

Honeywell 1l2-point strip chart recorder.

TECHNIQUE OF MEASUREMENTS
a2 Temperature and Veloclty Measurements

Measurements of the gas temperature were made with a bare-
wire, 0.005-in, diameter tungsten =~5% rhenium, tungsten -26%
rhenium thermocouple. The sheath and insulation material were

inconel and magnesia, respectively, with an outside diameter of
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0.040 inch., The thermocoupLe was enclosed inside a water-cooled
1/4-in,.0.d. brass tube with a cénical end, out of which the
bare tip was made to protrude 1/4-in. Extension wires from the
thermocouple Jjunction were connected to a m1nneapolis~ﬂoneywell

strip chart recorder.

Velocity was measured by means of a total-head probe
which was speclally constructed by soldering a 0,06l-in. o.d.,
0.,023-in, 1.d. and 3/8-in. long type 316 stainless steel tube
to the opening of a water-cooled aspirating_probe supplied by
Thermal Systems Inc. A reference pressure, close to the static
pressure in value, 'was tsken inside port No.l, and the dynamic
pressuré was read on an 1ncliped manometef with ﬁethanol as the
working fluid. Fluctuations were damped out by means of short

lengths of caplllary tubing.

Radlation and conduction corrections were applied to the

thermocouple readings. Radlation correctiops were calculated

by the Scadron and-Warsﬁawsky (27) equation i1 .

Y.
g’ éthtchu[i - (Td/th) ] ~
DLy = e - (9)
Nupky, Ll + (4T é tthcha)/ (Nubkab )_l

where Ty, T3, Ty, are the absolute temperatures:of the bulk gas,

enclosing duct, and the thermocouple Junction, respectively;

Di, 18 the thermocouple wire dlameter;

SI' is the Stefan-Boltzmann constant;
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‘étc is the thermocouple wire emisslvity from Ref. {5])

(Nu)y, is given by :

| 0.5 0, |
(Nu)y = 0,32 + 0,478 (Re), (Br)y %3 | (10)

Conduction corrections are evaluated by the solution of

the following system of equations :

ATQ =y(th - Tsh) / (1 "V) (11)

1,)’ = sech,(»] Lie /. 2) e
0.5 -

v) = -[u (Nu)y Ky, / D? ktc:l . (13)

where Tsh ig the absolute temperature of the wire at the sheath;

1s the length of the thermocouple wire_outsidérthe sheath;

b-,-LL-
ct o
&

' ‘is thé,thermobouple wire thermal conductivity.

The velocity was calculated from Bernoullit®s equation s

v - 2 SOAP /py)°? | )

Althugh the base of the head probe was cooled, the tip
was glowing red (1400 = 2000°F,) and it was deeﬁed that no density
'correctione were neéessary. The assessment of the radiation
and cohduction corrections as well as the veloclty détermina-

tions were obtained by an iterative procedure,

»

b) Heat Transfer lMeasurements

The overall heat transfer was obtained by measuring the
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water temperature rise between two cross—sections (called IN and
OUT and symmetrically spaced at 0.500-in. on each side of the
Jet axis) for a given water flow rate. The latter was simply

determined by timewvolumetry.

At flrst, the temperature rise was measured by means of
two 0.605~1n. diameter chromel-alumel thermocouples, each hot
Junction being held in a slotted circular sheath which was slip-
ped in the tube. Thils system was glven up because the experi-
ments showed that the temperéture difference so obtained, either
by direct {differential thermocouples) or indirect (absolute
thermocouples) measurements, was greater than those obtained
by using one absolute thermoqpuple and moﬁing the whole tube
laterally so as to displace the hot Junction from one cross-’
section to the other. The water flow being laminar (Re <800),
this phenomenon was attributed to eilther the different degrees
of mixing in the orifices (the second orlfice took advantage

of the mixing in the first) leakage between the sheath and the
the tube, or both effecfs.

t ; .
In the light of these results, TIN and, TOUT were measured

by lateral displacement of a single thermocouple junction frdm

one section to the other.

To this end, 1/16~in. o.d. stainless steel sheathed chro-
mel-alumel thermocoupkaprobes, with eilther insulated or exposed

hot Jjunction were employed. Three inches long turbulence‘genew
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rators (springs or spirals) were wrapped eround them to promote
mixing of the fluld before it came in contact with the hot junc-
tion, It was assumed that the measured temperature was equal to
the mean temperature‘acroes the section. If this were not so,
it would be reasonable to expect that the temperature difference
betﬁeen the two cross-sections would correspond te the real
temperature difference because of the identical hydrocdynamic

conditions at both locations.

Large fluctuations ﬁere fqund in the thermocouple output.
Their‘origin wae examined and the grounding of the tube was
found to be very important. Although Kubanek (1) had shown
that the nltrogen stream at the level of port No.l of the chamber |
wag in a quasi-molecular state, some ionized particles exist

which can build up a voltage when they hit the ungrounded tube..

A voltage dlfference of 1.5 volt was measured between the
tubé'énd the ground. Thls nolse Qould create fluctuations as
lérge as the temperature dlfference, and therefore a perfect
grounding was oompulsory. Even soy; the fluctuations due to both
the flame 1n§tability and the 1mperfectlhix1ng were stlll large
compared to the‘temperature difference. To determine the effect
of imperfect mixing, the ratlo of the amplitude of the water
fluotuationé to the température difference was studied on a
strip chart reéorder when the water flow-rate was varied. This
1nvestigation showed that imperfect mixing was a partlial but

not the primary cause of these fluctuations. For instance, for
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e

e heat flux of 400 B.t.u./hr. between the sections, the ratlo
decreased from 25 tb 15% when the flow-rate was increased from
340 to 1,600 cm°3/m1n° (1.e. 2,900 <Re <13,000) ., The fact that
these fluctuations were partially caused by the mixing was

corroborated by two other observations :

- The records of water temperature displayed two kinds of
fluctuationé : some large in amplitude and with period
of 2-to 3 seconds on which were superimposed smaller ones.
The larger ones were undoubtedly due to the flame insg-
tability as they usually corresponded to a change in the
sound of the torch operation. |

- Cooling of the tube by a gas 1n a very turbulent regime

(Re = 60,000) showed low frequency fluctuations only.

To minlmize the temperature fluctuatlons an insulated hot
Junction was deemed more adequate than an exposed one, because
of the integrating effect of the metallic tip of the probe.
HOwever, thé difference between the two types was not appre-
clable, due probably to the small size of the tip and its fast

response (0.28 seq.). Therefore, both kinds of probes were

used.,

Tolget the best temporal average of the fluctuation output
of the thermocouple loop, several methods were trled : a strip
chart recorder with low span (0 -=1mv.) on which the averaging
was done visually; a very sensitive (OooohygAmpJnmJ critically-

damped galvanometer wlth a natural perlod of oscillation of
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4,5 seconds; and an 1ntegrat1ng syatem. The latter was finally
employed Bécause of 1ts accuracy and simplicity of operation.
It was composed of a DYMEC voltage-to~frequency converter, model
(No., 2210) and an electronic frequency counter (Hewlett-Packard
model 3734A). The ﬁean température could be obtained with a

resolution of 0.05°C. for perlods of one or ten seconds.

PROCEDURE

Eleven sets 6f operating conditions were selected, based
on nozzle size, net power input to the gas and gas flow rate.
These are listed in Table II with thelr identification numbers
sét. “To avold radlation effects from the progressively hotter
graphlite wall, runs were conducted over short periods of less
than four minutes. Hence the ngi temperature at the end of a

run never exceed 200°C.

The temperature and velocity profiles around the axis belng
relatively flat (Fig. 5, Kubanek profiles), temperature and
veloclty measurements were conducted simultaneously, each probe

belng 1/16-in. from the jJet axis. Readings were taken every

Voo
flifteen seconds,

. For heat transfer rate measurements, the water flow rate
was chosen so 'as to produce an appreciabie temperature diffe-
rencé, of the order of 2°C. The water temperature at each cross-
sepﬁlon of the test regioh of the cylinder was obtalned by late-
ral dlsplacement of the tube-thermocouple assembly. After the



TABLE II

DESIGNATION OF THE PLASNMA-TORCH OPERATING

CONDITIONS

Nozzle ﬁet Power Imput = Nitrogen Run

ANo. _ to gas (Kw.) '(Sogfg?he> designation

1 11.0 100  1-11 - 100
1 11.0 150 1-11 - 150
3 11.0 150 3-11 - 150
3 11,0 200 3-11 - 200
3 14.0 100 - 3-14 - 100
3 14.0 150 3-14 - 150
3 4.0 200 3-14 - 200
3 19.5 150  3-19.5-150
3 19.5 200 3-19.5-200
3 23,5 150 3-23.5-150
3

2365 200 3=23.5~200
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~ FIGURE 5

Temperature and Velocity Profiles

es Obtained by Kubanek (1)
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system had been positioned, the new steady-state was reached
within from four to five seconds, The temperature was then
measured for ten seconds. The water flow rate was determined
by duplicate measurements of the time required to fill up a
graduated 1000-cm°3 cylinder.

When heat transfer experiments for a cylinder were com-
pleted, the stability of plasma fleme generation was checked

by means of temperature measurements of the nitrogen stream.

Becausge slight changes took place in the temperature and
veloclty of the jet as the chamber was heated up, all the mea-
sured Quantities were determined from a plot of these quanti -

ties vs. time.and, evaluated at time t = 3 minutes.

STATE AND PHYSICAL PROPERTIES_OF THE GAS

In the present system, the nitrogen stream experlenced
very large temperature changes. In the case of the highest
enthalpy level run (3 ~ 23.4 - 150), the temperature and velo-
city dropped from 10,000°F. and 2,500 ftf/sec. to 4,300°F and
110 ft./sec. along the axis of the Jet,'between the nozzle and
the test section. Thus the rate of temﬁerature change wasg of
the order of 106 °F./sec. Such a rate of change approaches the
lower end of the range of temperature changes (106 - 1013 %K./
sec.) in which heterogeneous nonequllibrium systems are formed,
in which some molecules are excited to much higher energy levels

than others (52 ). However, Kubanek (1) calculated that the
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nitrogen molecules issuing from the nozzle of the torch would
undergo about 106 cqllisions before reaching the test section,
According to Greene et al. (53) and Blackman (54) molecular
nitrogen required about 20 and 104 - 105 collisions for rota-
tional and vibrational relaxations, respectlvely. Hence it
i8 reasonable to expect the gas at the test section to be in
a state close to thermal equilib;-ium9 gince the requirements

for it are almost satisfled for the most severe temperature

change.

For temperatures of 10,000 (at nozzle exit) and 5,000°F.
(at the test sectio@%ithe equllibrium compositlon between the
specles, as given by Drelllishak et al.(55)9 are presented in
Table III which shows that the plasma at the nozzle, 1f at equi--
librium, }s in a partly molecular (70%) and partly dissociated
(30%) form, while the gas is in a quasi-molecular state at the
test section. Hence, the physical properties used at the test
section were assumed to be those of molecular nitrogen at atmo;
spheric pressure as proposed by John et al., (56) for the vis-
cosity, references (56,57,58) for the thermel conductivity, and
Drellishak et al. (55) for the denslty and the specific heat at
constant pressure. The varlations of these properties with tem-

perature are shown in Fig. 6, 7, 8, 9.



TABLE IIT

EQUILIBRIUNM COMPOSITION OF GAS AT NOZZLE EXIT

AND AT CENTRE OF TEST-SECTION FOR RUN 3-23,4-150

88

Centre test-section

Species Plasma
composition composition
-3 . 17 18
Molecules (Nz)omo 6.8 x 10 2.4 x 10
- 13 4
Ionized Molecules (N +)em. 3.3 x 10 1.5 x 10
- 2 17 13
Atoms (N) cm. L.5 x 1014 6.1 x 104
Ionized Atoms (N+) cm. 1.0 x 101@ 1.7 x 10
- 7
Electrons cnm. 1.3 x 10 1.5 x 10
. ) -3 : 18 i 18
Total Particles cm. 1.1 x 10 2.4 x 10

X
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FIGURE 6

- Nltmgen Viscosity mt Atmospheric Pressure
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FIGURE 8

Nitrogen Density at Atmospheric Pressure
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FIGURE 9

Specific Heat at Constant Pressure

~ of Nitrogen at‘Atmonherio_PreSSure
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RESULTS

Velocity and Temperature Measurements

Data for simultaneous velocity and temperature  measure-
ments are.presented;e551tab1e 1n'Append1x A, Averaged tempera-
ture and velocity of the Jet fbr each operating conditlion are
given in Tabia IV elong with the radlation and conductlon cor-
rection for the témperature. Températures and velocities were
found to be reproducible with a maximum deviation of 8 and 5%
respectivelyo Temperature fluctuations of about 100°F° were

observed in the Jet,

Heat Transfer Measurements

Heat transfer date are reported in the Nusselt number form
using both the bulk and film temperaturesas referehce tempera-

ture, on the basis of the equation s

o= W e (Toun - Tpy) /A (T, - T) (D/E) (10)

They are shown in Tables V and VI for the 1/4-in, 0.d. cir-
cular cylinder, Tables VII and VIII for the 1/8-in. 0.d. circu-

‘lar oylinder, Tables IX and X for the 1/4-in. squars oylinder

. 7
with a face perpendiocular to the Jjet, and Taﬁles XI and XII for
the L/#-;ho square cylinder with an edge facing the jet.

Plots of the results are presented in Fig. 10 and 11 for
the ciroular cylinders, Flg. 12 and 13 for the square cyllnder-
face, and Fig. 1% and 15 for the square oylinder-edge, For



ZABLE IV

TEMPERATURE AND VELOCITY RESULTS

RUN

Zszvso Tcafg. cond., Mlaa] o Yy

mm . CE0H °F. °r, °p, °F. ft./sec.
1-11.6-160 202 1930 218 111 | 2260 77.7
1-11.0-150 279 1690 160 74 1920 85.4
3?11.0-150 129 2010 267 165 2540 644
3-11.0-200 151 1863 237 . 115 | 2210 63.9
3-14,0-100 102 2606 Ly 381 3440 66.1
3-14.0-150 152 2270 335 216 | 2820  73.3
3-14,0-200 194 2085 249 165 | 2550 80.0
3-19.5-150 197 2927 499 473 3900 96.7
3-19.5-200 290 2701 377 310 | 3390 105.8
3-23.4-150" 227 3180 539 553 | 4270 108.7
3-23.4-200 312 2980 439 425 | 3840 121.7

inclination at 1/25.

6



IABLE V., FEEAT TRANSFER DATA FOR ;gu-xm. 0.D. CIBCULAB CYLINDER
. WITH PROPERTIES EVALUATED AT BULK TEMPERATURE
RUN "Vb_ T, TpeTy Temp.  Ty/Ty | (Rely (Nu)y,

ft./sec.. OF. Op. -OF, ©R./°R.
1-11.0-100 78 2260 2130 2260  4.61 650 |11.10 12.30
1-11.0-150 85 1920 1790 1920 4.03 886 |15.90 15,30 17.20
3-11.0-150 64 2540 2410 2540 5,08 bs2 | 8,10 9.45 9.75
3-11.0-200 64 2210 2080 2210 4,52 551 |10.70 12,10 11,70 12,10
3-14.0-100 66 3440 3310  3Mho  6.61 300 | 6.36 6.70 6.70
3-14.0-150 73 2820 2690 2820  5.36 s | 8.80 9.20 8.25
3-14.0-200 80 2550 2420 2550 5.1l 565 110,20 16.40 11,10 10.10
3-19.5-150 | 97 3900 3770 3900  7.37 | 361 | 7.56 7.20 6.80
3=19.5=-200 106 3390 3260 3390 6.52 490 }110.86 9.80 9.10
3-23.&-150 109 L4270 4140 4270 8.03 351 7.68 7.80 7.4
3-23.4-200| 121 . 3880 3750 3880  7.29 héo | 8.50 8,52 8.37 8,05

$6




WITH PHYSICAL PROPERTIES EVALUATED AT FILH TEMPERATURE

RUN v Ty Tp=Ty Temp. T./T e Nu).,
f‘l:.l/3 sec. °:". :F;W bgls??s éh‘iow. (R‘)f | )f

1-11.0-100 | 78 2260 2130 1195 4,61 | 1462 | 16.70 18.50
1-11.0-150 85 1920 1790 1025 4.03 | 1915| 25,20 13.40 22,50
3-11.0-150 64 2540 2410 1335 5.08 | 1049 | 12.30 14,30 14.80
3-11.0-200 6 2210 2080 1170 4.52 | 1234 | 16.00 18.10 17.60 18,10
3-14.0-100 66 3440 3310 1785 6.6L 758 | 10.00 10.50 10.50
3-14.0-150 73 2820 2690 1475 5,56 1062 | 13,50 14,10 12,70 ,
© 3-14.0-200 80 2550 2420 1340 5,11 | 1311 15,60 15.95 17.00 15.42
3-19.5-150 | 97 3900 3770 2015  7.37. 949 | 11,95 11.38 11.10
3-19.5-200 | 106 3390 3260 1760 6,52 | 1243 | 16.80 15,28 1k.10
3-23.4-150 | 109 4270 4140 2200 8,03, | 943 | 12.20 12.40 11.80
3-23.4-200 | 121 3880 3750 2005 7.29. | 1197 | 13.%0 13.48 13.20 12,70 |

96



TABLE VII.\‘HEAT TBANSFER DATA FOR 1/8-IN, O.D. CIRCULAR CYLINDER
WITH PBOPERTIES EVALUATED AT BULK TEMPEBATURE

RUN | Y Ty T, Temp T /T, | (Re)y (W),
ft./sec. °F. °F, °F. s/ .

1-11.0-100 | 78 2260 2130 2260  4.61 | 325 | 8.00 8.17
1-11,0-150 85 1920 1790 1920 4,03 | 443 | 9.60 9.85
3-11.0-150 64 2580 2410 2540 5,08 | 226 | 6.34
3-11.,0-200 64 2210 2080 2210 bo52 | 275 | 7.12  7.46  7.70
3-14.0-100 | 66 3440 3310 3440 6.61 | 150 | 4.55 5.0 4,30  5.04
3-14.0-150 73 2820 2690 2820 5.56 222 6.6 6,62
3-14,0-200 80 2550 2420 2550 5.11 | 282 | 6.70 7.22 7.16
3-19.5-150 97 3900 3770 3900 737 180 | 4,86 5.12
3-19.5-200 | 106 3390 3260 3390 6.52 | 245 | 6.34
3-23.4-150 | 109 4270 4140 4270  8.03 | 175 | 5.1k  5.32
3-23.4-200 121 3880 3750 3880 7.29 | 230 - 6.12

46



TABLE VIII. HEAT TRANSFER DATA FOR 1/8=IN, O.D. CIRCULAR CYLINDER
WITH PROPERTIES EVALUATED AT FILM TEMPERATURE

v T. T,-T  Temp. T./T
o ‘N ft.;,sec. °:. BF.W 'bgg?s QR].{'O;:I. (Re)f (Nu)f
1-11.0-100 | 78 2260 2130 1195 4,61 731 |12.00 12.22
1-11.0-150 | 85 1920 1790 1025  4.03. 958 |[14.10 14,50
3-11.0-150 | 64 2540 2410 1335  5.08. 525 | 9.65
3-11.0-200 | 64 2210 2080 1170 4,52, 617 |10.66 11.18 11.52
3-14.0-100 | 66 3440 3310 1785  6.6L 379 | 7.17  7.90 6.76 7.95
3-14.0-150 | 73 2820 2690 1475  5.56. 531 | .97 10.20
3-14,0-200 [ 80 2550 2420 1340 5.1 656 |10.25 11.10 11.00
3=19.5-150 97 3900 3770 2015 - 7.37. 475 7.69 8.10
3-19.5-200 | 106 3390 3260 1760 6.52 | 621 | 9.85
3-23.4-150 | 109 4270 410 2200 8.03. | 471 | 817 8.48
3-23.4-200 | 121 3880 3750 2005  7.29. 599 | 9.67
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TABLE IX. HEAT TRANSFER DATA FOR 1/4-IN. SQUARE CYLINDER

WITH A FACE.PERPENDICULAR I0 THE JET. PROPERTIES AT BULK TEMPERATURE

B UK vy, Ty,  Tp=Ty %;ﬁf; T/T, | (Re)y (Nu),,
ft./sec. °f. °F.  °F. °RB/CR.
1-11.0-100 78 2260 2130 2260 . 4,61 650 '9,60 9.90
1-11,0-150 85 1920 1790 1920 5.03 | 886 |14.50 14.00
3-11,0-150 64 2540 2810 2540 5.08 | 452 | 8,00 7,19 8,90
3-11.0-200 64 2210 2080 2210 .52 | 551 |10.20 9,92

3-14,0-100 66 3440 3310 3440 6.61 | 300 | 6.60 °5.90  5.50
3-14.0-150 73 2820 2690 2820 5.56 | b | 9,02 .9.20

3-14.0-200 80 2550 2420 2550 5.11 565 9,68 10.50 10,30
3-19.5-150 | 97 3900 3770 3900  7.37 | 361 | 7.00 7.35
3-19.5-200 | 106 3390 3260 3390 52 1 490 | 9.70 8,23

3-23.4-150 109 k270  41k40 4270 8.03 351 7.76 8,00
. 3-23.%4-200 121 3880 3750 ° 3880 7.29 460 9.26 10,30 10.40

66
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TABLE X. HEAT TRANSFER DATA FOR 1/4-IN. SQUARE CYLINDER WITH

A FACE PERPENDICULAR TO THE JET. PROPERTIES AT FILH TEI"I’PERATUEE

v, - T T,-T. Temp. T./T '
_RUN ft?/sec,Q:. :F.W bgg?s o37;0§' (Re), (Nu);
1-11,0-100 | 78 2260 2130 1195 4.61 w62 | 14.39 .14.95
1-11.0-150 | 85 1920 1790 1025 4,03 | 1915 | 21.30 .20.62
3-11,0-150 | 64 2540 2410 1335 - s.08 | 1049 | 12.15 .10.50 . 13.60
3-11,0-200| 64 2210 2080 1170 b.52 | 1234 | 15.27 14.86
3-14.0-100 | 66 3440 3310 1785  6.61 | 758 10,40  9.31 8,66
3-14,0-150 | 73 2820 2690 1475 5,56 | 1062 | 13.87 14,17 -
3-14.0-200 | 80 2550 2420 1340 5,11 | 1311 | 14.8% 16.10 15.75
3-19.5-150 | 97 3900 3770 2015 .37 9%9 | 11.06 11.61
 3-19.5-200}| 106 3390 3260 1760 6.52 | 1243 | 15.10 12.80
3-23.4-150 | 109 4270 4140 2200 8,03 o43 | 12,70 12.37
3-23.4-200 | 121 3880 3750 2005  p.29 | 1197 | 16.45 14,6k 16,32

00T



‘ (Nu)b

RU N Vy Ty, Tp-Ty Temp. Ty/Ty | (Re)y
tt./sec. O,  °F, OB,  OR./°R,
1-11.0-100| 78 2260 2130 2260 4,61 | 650 |11.70 12,25
1-11.0-150 | 85 1920 1790 1920 4,03 | 886 | 16,00 16.90
3-11,0-150 64 2540 2410 2540 5,08 Ls52 ioozo 9,10
3-11.0-200| 6% 2210 2080 2210 b.52 | 551 | 11.80 11.43
3-14.0-100 | 66  34k0 3310  34h0  6.61 | 300 | 8.50 8.20
3-14,0-150 | 73 2820 2690 2820 5.56 | 444 |10.9% 11.40
3-14,0-200 | 80 2550 2420 2550 5.11. | 565 |11.60 10.46
3=19,5-150 97 3900 3770 3900 737 361 8.35 10.50
3-19.5-200 | 106 3390 3260 3390 6.52 | 490 | 12,60 10,70
3-23.4-150 | 109 L270  4ibo k270 8.03 351 9.26 10,50 8470
3-23.4-200) 121 3880 3750 3880 7.29 | 460 | 9.58 10.80

10T




IABLE XTI HEAT TRANSFER DATA FOR 1/4-IN, SQUARE CYLINDER

WITH AN EDGE FACING THﬁ JET, PROPERTIES-AT FILM TEMPERATURE

RUN vy Tp  Tp-Ty Temp. T/ T, | (Re)s (Nu)
ft./sec. °F, °¢, ' OoF, ©°R.,/©R.

1-11.0-100 | 78 2260 2130 1195 k.61 | 1462 |17.52 18.40
1-11.0-150 | 85 1920 1790 1025 = 4.03 | 1915 |23.51 24,88 -
3-11,0-150 | 64 2540 2410 1335  5.08 | 1049 |15.51 13.80
3-11.0-200 | 64 2210 2080 1170  4.52 | 1234 [17.66 17.12

. 3-1%.0-100 66 3440 3310 1785 6.61 758 | 13.40 12.90
3-14,0-150 | 73 2820 2690 1475 5.5 | 1062 |16.83 16.43
3-14,0-200 { 80 2550 2420 1340 5;11 1311 [ 17.83 16.03
3-19,5-150 | 97 3900 3770 2015 = 7.37 949 | 13,17 18.38
3-19.5-200 | 106  3390° 3260 1760  6.52 | 1243 | 19.60 - 16.90
3-23.4-150 | 109 4270 4140 2200  8.03 943 [ 14,76 16.78  13.95
3-23.4-200 | 121 3880 3750 2005  7.29 | 1197 | 15.1% 17.12

20T
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" PIGURE 10

© Heat Transfer Reaulte for /4 and 1/8-in, o.d,

Circular Cylinders. Properties at
| Bulk Temperature
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FIGURE 11

Heat Transfer Results for 1/4 and'1/8-1n‘ Oo.d.
Circular Cylinders. Properties at

Film Temperature‘
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FIGURE 12

Heat Transfer Results for 1/4-1n°-8quare Cylinder

with a Face Perpendioular to the Jet.

' Properties at Bulk Temperature
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- FIGURE 13

Heat Transfer Results for 1/4-in. Square Cyllnder
with a Face Perpendicular to the Jet,
B "Pr,.qpe.rtiels at Film Temperature
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FIGURE 14

‘Heat Transfer Results for 1/4-in. Square Cylinder
' with an Edge Facing the Jet.

~ Properties at Bulk Temperatire
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- FIGURE 15

'Hegt,Transfer-Qesults’for 1/4-in. Square Cylinder .
| - with an Edge Faoing the Jet.

. Propertles at Film Temperature



(oY) ‘YIGWNN SOTONAIY

}(ay4) 0g0c0=4nN

i

SiSvE 2UNLvY3IdN3L WL

o
)

(3903) Y3ANITAD 3¥VNOS

el

© © v
d(nN) ‘yIEWAN 1T3SSAN -

o
8V

n
N



109

circular cyllnder%voomparisons of the present results with
those of Douglas and Churchill end Churchill and Brler are given
in Fig. 11 and 16, respectivelyo For the square cylinders, the
line of Hilpert (16) has beeu extrapolated dowm to the Re range -
studied (the lower limit of the range investigated by this au-
thor was 5,000).

‘A comparisdn of the heat transfer-corfeletions for the dif—
ferent geometriee (1ncluding‘the'resulté for spheres obtained
by Kubenek (15) is preeented in Fig.. 17. The values of the
- physical properties at bulk and film temperatures areugiven in
Appendlcee B and C, respectively. It was ascertained that con-
duotion effects along thewu911 of - the cyiinders, as well as na-
tural convection effeots (Gn/ﬁe?<:1) were unimpoitant compared

to the convective heat transfer.
Treatment.of_the Date

Two.relatioush1ps have been tried to fit the data. The
first model was :

Nu = a Re" | | (11)

while 1n the aecond 8, temperature ratio (Tb/T ) was 1nc1uded to
_'aocount for the large temperature differenoe and its effect on

the physieal properties $
0 n' l m
Nu = a' Re (Tb/TW) (12)

Results of the least-square enalysis by computer are pre-



'FIGURE 16

Comparigon of the Heat Transfer Data
~ for Circular Cylinders with Those of
Churchill and Brier

!
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sented in Table AIII.

The Praendtl number, being pratically_oonstant (0.69<Pr<0,.71),

was not consy&n@d.during the processing of the data but was ine-

" eluded at the end to generalize the correlations, The tempera-

ture of the wall being in the narrow range 120-140°F. an

average value of 130°Fe,was.used in all the caloulations.

Tabla-XIlI clearly showsg that the exponent of the Reynolds
nunber 1is greater than 0.5, whioh is 1nterpreted as8 indicating
that a. part of the attached boundary layer is turbulent. Ac~-
cording to Torobin and Gauvin (41), transition in the boundary=

‘  layer will take place even at low Reynolds number if the turbu-

lent energy of thé*free-stream;ia large enough (compared«to the
viscoua damping energy in the 1n1t1a11y-1aminar ‘boundary layer)
to allow suffloiant penetration of the disturbances into the

'boundary layer. ‘It seems that, in the present study, transition

- to a turbulent boundary layer wag attained at various distances

downstream from the stagnation poinﬁ (as reflected by the varying
values of n reported in Table XIII) owing to the fellowing con-

‘sideratkone 3

1) The very high turbulence level or the Jet generated by
| the toroh. Aecordlng to Bef. (59)and (60) the intensity
of turbulenoe of a confined jet 13 about 20 to 25% at a -

diatanoe of about 40 diameters from. the nozzle.



TABLE XIII
PROCESSING OF THE DATA FOR MODEL No.l (Nu=aRe™) AND MODEL No.2 [Nu=a*nen,°(*rb/'rw)m] |

a or a' SE{loga) n.or n' SE.(n) .

: SEAm) D.F.

SHAPES m SE{log.y) Corr.:
or ' Coeff,
SE{n') B2 __
MOdn 00054 0,269 00836 00043 - 33 600?2 00918
. : .
b
KL’ " Mod. 0.172 | 0,708  0.069 -0.204 0,088 32 0.068  0.930
<:> Mod. 1 | 0,022 0.439 0.910  0.061 33 0.083  0.863
4 Te
Vi-in.  Thoa. 2 | 0.186 0.698  0.066 -0.32h 0,068 32| 0,064  0.923
Mods 0.147 0.183 0.690  0.033 21 0.051  0.953
T . )
b
47 " Mod. 0.367 0.582  0.059 =0.187 0,086 20 0.047  0.961
O - Mod. 0.092 0.312 0.738  0.049 | 21 0.061  0.915
. T ' .
1/8"1!10 -2 . A .
ood. Mod. 0.458 0.560 0.059 =-0.281 0,071 20 0.047  0.952
Mod, 1| 0.112 0.408 0.710  0.066 2l 0.095  0.827
Ty, .
' “Mod. 0.0197 0.901  0.085 0.326 0,108 23 0,082  0.876
vV Mod. 0.0459 0,517 0.809  0.073 2l 0.087  0.835
Tf- _
" Mod. SAME AS HMODEL. No. 1.

€11




. TABLE XIIT {cont’d

IROCESSING OF THE DATA FOR MODEL No.l (Nu=sRe™) AND HODEL No.2 [(Mu=s'Re™ (7,/T,)7
SHAPES a or a' SE(loga) n or n' SE.(n) m SE(m) D.F. SE{log.y) ‘_Corr;
or . : . Coef?f,
| SE(n*) : : VN
Mod, 1 | 0.365 0.377 . 0.550 0,060 - 21 0.082  0.796
T, | | |
é T Mod. 2 SAME AS HMODEL No. 1
Mod. 1 | 0,268 0.576 0.603  0.071 21 0.079  0.775
S -
Mod. 2 SAME AS MODEL No. 1
Mod. 1| 0.104 0.756  0.016 57 0.061  0.975
Ty |
J7 Mod, 2 SAME AS MODEL No. 1
Mod 1] 0.048 0.822 0,021 57 0.068  0.964
() = < |
Mod, 2 | 0.106 0s749  0.033 -0.119 0.43° 56 0.06%  0.968

ATt
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2) The ocyclic process of the arc generates pockets of
plasma about® One inch long with 'a diameter of 0.2 to 0,3
inch (1), Due to the large axlal and radlel velocity
gradients, these pockets W@ll exchange energy by turbur
lent diffusion,anq decrease in size., However, this

phenomenon enhances the turbulence of the jet.

3) The importent decrease 1n the value of the nitrogen vis-
cosity through'the boundary 1éyer towards the pall will
decreaaelits ét&bility towards disturbances in the vioi-
nity of the latter (%ﬁ can be two to three times smaller
at the wall than in the jet). |

Before discussing ‘the results in more depailg gome cone-

slderations are glven now concerning model No.'za\'

Significance of the Temperature Ratlo’

Table XIII shows that the temperature ratio,(Tb/TW) dces
not make a conslstent contribution to the heat transfer. How~
ever, it can be noted that large temperature differences seem to

have a tendency to decreaée'the value of the heat transfer coef=-

hfficient,:gs indicated by the negatlve’value of most of the ex-

ponents. The only, exception occurs in the caselbf'tﬁ§ square

3 cylinder. results, which are more scattered than the others

.(owingvta a possible yaw in the support when heated).

Although no significant concluslons can be drawn from Table

XIII, it can be remarked that such an effect is coherent. The
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effects of a large temperature difference can be expected ﬁo

be reversed for the heating and the cooling of a surface by a
gas, because the temperature and velocity profiles react to
large ZST in oppoaite wayswhen the direction of the heat flow

- is changed. The careful investigations of Hilpert (16) and
Collis and Williems (61) have shown that large AT's increase
the heat transfer for the cass of the oooling of a oylinder.
Hence a decrease of the heat transfer coefricient can be expec-
ted for the heating of & cylinder by a hot gas, as in the pre-
sent study. It should be nqted that Churchill and Brier (25)
found the reverse effect in the latter case. However, the
inclusion of the tempérgﬁure ratio in their relationship is not
warranted,.as 1ndicgfed by the low correlation coefficient (less
than 0.2) reported by (;) after he tested the significance of
this ratio in their correlation. This may be due to the condi-
" t16h 1mposed 6n fheaaeynolds number exponent, which wés fixed

by Churchill and: Brier at the value of 0.5,

- Although the introduction of the temperature fatio may
improve the correlati@ns'very slightly in the presept investi-
,gatlon, pafticulérly in the case of data evaluated on the Tilm
temperature basis, 1té significance is doubtful and model No. 2
waé discarded., The correlation of the data by equation (1ll) is
pherefore adopted for the purpose of the rest of this discussion.
Al%hough the value of n was particularly'affected by the experi-
mental points at egch epd of the Reynolds number range investi-

gated, 1ts value for each geometry 1s'oonsistent with~the'eﬁpected
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flow configuration.

Circular Cylinders

Fig. 10 and 11 show that the results for the 1/4 and 1/8-
in., o0.d. circular oylinders.fall on two lines., This was confir-
med by a statistical test by the compubers. }Due'ﬁo a lack of
information about the turbulence of the jet, and more particu-
larly about its scale, no argument is available to explain this
discrepancy. Nevertheless, a possible effect of the combined
action of the scale of turbulence and of the initiél pockets
of plasma can be suggested, the diameter of the 1/8-in, o0.d. oy-
cylinder being small enough., It should be remembered that Van
der Hegge Zijnen (14) has recommended the use of a (L/D) ratio.
But this suggestion has never been vindicated. In addition; 1t
should be pointed out that the results for the 1/4-in. o.d.
cylindér are more reliasble from an experimental point of view,
as well as much more'plentiful, and the preferential use of the
latter results is recommended. From the high value of the ei-
ponent n on-the Reynolds number, it can be inferred that the
attaoﬂed boundary layer 1is turbulent over most of its course,
and that the contribution of the small wake to heat transfer
(the point of separation 1s well 'in the rear of the cylinder) is

not very important.

Comparison with the data of Douglas and Churchill, and of
Chﬁrchill eand Brier shows that the present data are sllightly
below thelr results. This can be attributed to the difference
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in the temperature levels at which the experiments were conduc-
ted (the variations of the phyéical properties are much larger
in the present ;nvestigation)g also to a possible slight depar-
ture of the state of the éas fr;m the equilibrium conditlons,
and malilnly, to the essential difference in the boundary layer

regime.

Square Cylinder with a Face Perpendicular to the Jet

This case suggests the existence of a turbulent boundary
layer, aé well. The layer forming at the axis plane must be
in a laminar regime, but quickly becomes turbulent. The essen-
tiael difference with the previous case is that a separation oG~
curs as the upstream corners,ﬂﬂlowed in all 1;kelihood by reat-
tachment of the boundary layer. Final separatlon then takes
place at the edgéé of the lower face. Owing to the flxed sepa—
ration of the boundary layer, the wake contribution in this
case (which by itself would have a value of n of 0.,6) is larger
than for a clroular cylinder.  The relatlive scatter of the data

for this geometry may be due to a certgin yaw in the tube posi-

tion.

Squere Cylinder with an Edge Facing the Jet

In this geometry (whioch is roughly similar to a wedge body)
separation points will be located at each side.of the mid cross-
section plane and therefore the weke contribution will occupy

504 of the total surfaog area. The value of n in this case seems




119

to 1ndicat; that the attached boundary léyer was essentialiy la-
miner. The rate of change of the pressure gradient in the front
part of the body being less for this configuration (as in the |
case of a wedge)it is conce;vable that transltion if it occurs,

will take place further downstream than in the previous cases,

Thé quasinlaminar’boundary layer region and the wake rggion
_being well dellmited, & heat transfer relationship of ﬁhe type
proposed by Richardsbn (13) was attempted, namely :

Nu = Cq Flel/2 + C, Be2/3 ‘ (13)

However, processing of the data revealed that the oofrela-
tion coefficlient was low (less than 0.3) and this model was

therefore gilven up.



CONCLUSIONS

/

Based on the data obtaihedg the following correla-
tions are recommended fpr the wvarious geometries studied
(the results of Kubanek obtained.on spheres are included for
comparison), with the‘physigal propertiee evaluated at bulk

temperature :

757 0.33

SHERE 0
i Nu = 0,118 (Re) (Pr) (14)
CIRCULAR CYLINDER "
. 0.836 0.33
Nu = 0,0612(Re) (Pr) (15)

SQUARE_CYLINDMR WITH A FACE_PERPENDICULAR TO_THE JET
0.711  0.33

Nu = 0.126 (Re) (Pr) (16)
SQUARE CYLINDER WITH AN EDGE FACING THE JET
| 0,549 0.33
Nu = 0.412(Re) (Pr) (17)

The characteristic length in the last two cases 1s
the side of the square,

It must be emphasized that these correlations apply
only to systems'of high Aintenslity of turbulen@e, as studie&'in
the present investigation. As a result, 1t cén be inferred
- that the‘inltlallyflaminar boundaryllayer will undergo transi-

tion at various points downstream of the front stagnation point.
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depending on the different pressure gradients imposed by the
differént geometries studiede In other words, because of the
form of the above equations, the value of g’wlll reflect the
combined cmﬁnﬁbutions froﬁ the attached boundary layer in the
front and the wake region in the back. Thus a logical in-
crease in % was obtained from a wedgeetype body with a large
fixed wake (square cylinder-edge) through a configuration
yielding a smaller weke and a larger turbulent boundary layer
repartition ( square cylindernfaqg) and finelly to configurations
with small. wakes and maximum extent of turbulent boundary 1é&ers

(circular oylinder and sphere).

Under these conditions, 1t 1s not surprising that a
better agreement’ 18 obtained by estimating the physical pro-
perties of the fluld at the bulk temperature. For most of the

. published correlations of data on heat transfer to bodies of

various shapes, the mean fluid tempergture has been reported
to glve'better results. Since these studles were invariably
correlated by means of QRelofs, there is 1little doubt that the
boundary layer was in a laminar regime, and an arithmetic ave-
rage-tempeiature would be expected to represent é good average
for the estimation bf the physica} properties. When the bound-
ary layer is turpulent, however, the intense mixing action in
this region should be expected to yield an average temperature

in the layer much closer to that of the free-abreamo

Previous studies w;th the aim of finding a standard

U
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characteristic length to correlate the convectlve heat transfer
to bodlies of various shapes were found to be fairly successful
beceause Tor all of them the attached boundary layer was in an
essentially leminar regime (U4, 45, 46, 47). Therefore 1t

was possible to define a characteristic length which could
reasonably account for the difference in the flow pattern
around the various geometrieq9 even for failrly severe condi-
tions of free-stream turbulence (10% in the case of reference
Lks5), providing that transition to a turbulent boundary }ayer
did not occur. The present study, however, clearly shows that
the concgpt of a universel characteristic length breals down as
soon as mixed regimes in the boundary layer are lnvolved because

a q;mi}arity 1n‘the transition of the layer does not exist for

the various bodles,

Aithough the model proposed by Richardson (13) was not

_successful in corrqlatingvthe results obtained for a cylinder

with an edge facing the Jet, 1t 1s felt on the other hand that
the form of thé equations (14) to (17) 1s‘over-81mp11fied and
thatt ¢ more complex relation, 1ﬁVo1v1ng the separate contribu-
tions from the attached boundary layer and from the wake region
(with possibly an additional interaction term) would be more

successful in predicting the heat transfer rates corresponding

-to varioué geometries. S;milarly, the effects Qf'various 1evgls

of turbulgnce intensity should be acg@unted‘for in these equa-
tions., HMany more experimented data muet, however, be acquired

before a better undestanding of the complex mechanism of heat

transfer can be obtained,




NOMENCLATURE

ROMAN SYMBOLS

- constant
A - lateral surface area, ft.>

c - specific heat at constant pressure, B.t.u./
P 1b. °F.

C,.sCr49Cy = concentration of A* ions, N* ions, N atoms
AFPTNFTIN  espectively, £osd

= dlameter, ft.

- gravitational constant

heat transfer coefficlient, B.t.u./hr. ft.2 OF,
- thermal conductivity, B.t.u./hr. ft.2 OF./ft.

- Eulerian maocroscale of turbulence, ft.

= B K 5 ® U
[]

- water flow rate, 1lb./hr,

- @xponent

pressure, lb./ft.?

b L~ SR
J

- mid cross-section perimeter, ft,

- correlation coefficlent

s .o
]

temperature, °F. or °R.

u! - fluctuating component of the velocity, ft./sec.

(=]
]

average velocity, ft./sec.

= duct width, ft.

ABBREVIATIONS

D.F. - degree of freedom

SE. - gtandard error
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| fg - coefficient of volume expansicn, (OR.,)"=1
fL - viscosity, lb./ft.hr,
Y - kinematic viscosity, £t.%/nr.
f ~ density, 1be/ft.”
T - 3.1416
\F '\1) = functlons
DIMENSIONLESS GROUPS
Gr - Grashof number, [PBg/B(ASQ) / Vz]
; - Intensityfof turbulence9l]T;TSTa 0.5/ U;]
M - Mach number
Nu -~ Nusselt number, (hD/ k)
Pr‘ - = Prandtl number, (cp/b/k)
Re - Reynolds number, (DUf’//v)
(Re) - critioal Reynolds number
- erit. o
SUBSCBIPT§
aw - = wall adiabatic
'b . = bulk
f - film
m - mean integratedl
o - stagnation

W - wall
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DYNAMIC PRESSUBE AND THERMOCOUPLE DATA

APPENDIX &

RUN A N S N RN 2

m.CH50E  .°F." .| mm.CH30H °F.. | mm.CH30H °F.
1-11,0-100 206 2000 203 1940 | 196 1860
1-11.0-150 281 1705 | 275 1710 271 1660
3-11.0-150 136 1900 + | 124 2120 129 2020
3-11.0-200 169 1710 154 1860 129 2020
3-1%4.0-100 106 2570 107 2590 92 2660
3-14.0-150 151 2140 158 2350 147 2330
3Qiu.o-zoo 208 1975 183 2180 190 2100
3-19.5-150 202 3000 201 2975 189 2805
3-19.5-200 267 2710 27k 2735 267 2660
3-23.4-150 231 3180 229 3150 | 223 3180
3-23.4-200 318 3035 306 2950 311 2950

# inclination at 1/25

621




APPENDIX B

VALUES OF THE PHYSICAL PROPERTIES - BULK TEMPERATURE

BUN 'rb - /xlbz cpx102 ‘x 102 frx10?
°F. 1b./rt.3 B.twu./1b.%F. . Bit.u./hr.ftop . 1Pe/hreft.

;-11.0-1@9 2260  1.40 29.7 5.40 12.6
1.11.0-150 |1920 1.60 29.15 4.85 11.5
3-11.0-150 | 2560 1.27 30.06 5.85 13.4
3.11.0-200 | 2210 1.3 © 29.65 5.32 12.4
3-14.0-100 | 3440 0,98 . 30.90 7.25 16,2
3-14,0-150 | 2820 1.16 30:35 6.30 14.3
3-14.0-200 2550 1.27 30.10 5,90 13.5
3-19.5-150 |3900 0.87 31.15 7.90 17.5
3-19.5-200 | 3390 0.99 30.85 7.15 16.1
3-23.4-150 | 4270 0.80 31.35 8.45 18.6
3-23.4-200 | 3880 0.8 17,4

31.15

7.90

0€T



RUN 1&« fxioz" cpx102 x z102 /(xloz
OF. 1b./ft.3 b.t.no/1b.OF. . bot.u./brft.%F.  1b./hr.ft.
1-11.0-100 | 1195 2.30 27.45 3.60 9.2
1-11.0-150 | 2025 2.58 26.90 3.30 8.6
3-11.0-150 | 1335 2.12 27.85 3.85 9.7
3-11.0-200 | 1170  2.3% 27.35 3.55 9.1
3-14.0-100 | 1785 1.70 28.90 4,60 11.1
3-14,0-150 | 1475 1.96 28.25 .10 1001
3-14.0-200 | 13%0 2,12 27.90 3.85 9o7
3-19.5-150 | 2015 1.54 29.35 5,00 11.8
3-19.5-200 | 1760 1.72 28.85 4,60 11.0
3-23.4-150 | 2200 1.43 -29.65 5.30 12,4
3-23.4-200 | 2005 1.55 29.30 5.00 11.8

€T



CONTRIBUTION TO KNOWLEDGE

The heat transfer by forced conveotlon between a
highly turbulent jet at elevated temperature and blunt bodies
of various shapes has been 1nvestigated, Correlations were

obtalned, which indicate that :

1) For such gystems an attached turbulent boundary
»1ayerfwas”prevallingg.even'atfloﬁ'neynolds numbers;

2) The physicai propertles bad to be evaluated at
bulk temperature, suggesting that the choice of a
temperature bagis 1s closely linked to the nature
of the attached layer;

3)‘The use of a standard characperistic length was
found to fail for situations in which mixed regimes
exist in the boundeary layer. Hence; its walue

seems to be restricted to the case of laminar layers

only.




SUGGESTIONS FOR FURTHER WORK

It is Suggested'that furtherligveétlgations'in the field
of heat tremsfer to blunt bodies in' high tempergture‘surroﬁnd-
ings could be of interest bpthvfroﬁ a fundemental and practiceal

point of view ih the Pllowings arees :

= In the pregent,sygtém,_the‘measufeﬁentS'of the intensity
and scalexqf.?urbule#cepwill.ﬁthubtly shed more light
on thglreeultsg Md:e generally, researches in the me-
chanisms and criterigw;ﬂOr .trahsition in the boundary
iayér %glhigplyjturbulent'Jets will givé a'better}unders-
tand;ﬁg'of‘the.presentidata.; | '
- Heat'txanéfér investigations in the core of a Jet,
'Where;tﬁrbulgnce effects are smalier, could provide new
avenués'of approach for the stndy of the influence 6f
laige:temperatﬁrefd;fferences in the case of a heated
body. |
- Recent progress in the design of arc head corfigurations
(a8 thé dual duct or y-configuration apc‘head recently
designed b& Thermal Dynamics Coiporétion)' have lmproved
the perrormance‘and thé stablllity of the arc.operation.
ﬁence, a more stable arc operation, coupled with quasl
. steady-state conditions provided by a free-jet will allow

more accurate means to investigate thé'tranaport of heat,






