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NOMERC LATURE

surface area of sphere; sq. ft.

speed of sound, ft/sec

specific heet, PTU/1b°F

sphere diametef, ft.

heat trarsfer convecticn ccefficient, BTU/hr ft2°l‘

2

average overall convection coefficient, BTU/hr f£°°F

average overall radiation coefficient, BTU/hr rt2op -
Bessel functions of the first kind, order 1

thermal conductivity, BTU/hr £t°F

molecular mean free path, ft.

Mach number (%‘), dimensicnless

S
y

av hx
Fusselts number (T«_) » dimensionless

s dimensionless

D .
average Nusselts mumber (10%_), dimensicnless
impact pressure on probe, microns of Hg.
noz2zle wall static pressure, microns of Hg.

MLy
Prandtl nunber( kK = 0.7 for air) , dimensionless

heat flux, BIU/hr £°

Reynolds number (‘%%"L ) » dimensionless
U AL
ALy

free stream Reynolds number behind nomal shock wave in supersonie

free stream Reynclds mln'ber( ), dimensionless

flal(gf‘%z'l?\ , identical to Rel for subscnic flow, dimensionless
tenpe\ntm,/'?

surface equilibrium temperature due to convection, °F

surface equilibrim temperature due to convection, radiation, and

conduction, °F

tunnel wall temperature, °F



1-_1 =
T a
U =
\' =
u =
W - =
y =
c =
@ =
7 =
6 -
A =
P =
P =
g =
SUBSCRIPIS :
0 =
1 =
£ =
av =
€ =
W =
y=0 =
SUFERSCRIPTS :
Q =

NCMENCLATURE ~ (CONTINUED)

initigl temperature cf sghere, °F

absclute temperature, °R

veloeity, ft/sec

volume of sphere, ft3

arbitrery variable of integration

specific weight of sphere, 1bs/ft3
characteristie length, ft.

distance along outward normsl from surface, ft.
thermal accammodation coefficlent, dimensionless

’z_ !
parametsr V¥ RebPr , dimensionless

ratio of specific heats, dimensionless

-
parsmeter, 1.996 2(1 . 7,1/1 , dimensionleas

temperature Jump distance (-%i) s £t.
sbsolute viscosity, 1be sec/f‘b{
mass density, 1bs 5&2/ft4

tine, hr,

gtagnation conditions

free atream conditions

stresm conditions behind normal shock wave in supersonic flow
an Integrated gverage

surface equilibrim conditions

anrface conditions

8tream conditions adjacent to the surface

continnnmx conditions



Report Fo. HE-15C0-108

HEAT TRAKRSFER FROY SPHERES TC A RAREFIED GAS IN SUBSONIC FLOW

1,0 IRTRODUCTIO

Convective heat transfer from spheres tc a rarefied gas has been
treated analyticslly and experimentslly in Refs. 1, 2, 3 and 4. From the
experimental resalts of Hei. i, the predicted effect of gus rarsfaciior
on the heat transfer in the slip flow region was in part substantiated, in
that the heat transfer coefficlent decreased below its continuum value,
with increasing rarefaction. 'This effect i1s apparently (Ref. 1) primarily
due to the temperature Jump condition at the surface, snalogous to the slip
velocity at the surface, which occurs at low pressures. This temperature
Jump introduces an effective themal coniact resistance at the surface.

The experimental results of Ref. 4 were determined under super-
sonic flow cornditions, Since there existed a curved detached shock wave,
scme doubt remained as to the effect of the shock wave and possibly other
compressibility phenomena on the results. It was considered desirable to
obtain heat transfer dats from spheres at subsonic Mach numbers in the slip
flow region.

It is the purpose of this report to present overall average heat
transfer dats from spheres to a rarefied air stream for a range of vari-
avles, 0.14M< 0,65 and 1.7<Re{124, and to pressnt s simplified aralysis
which predicts the trends of this dste by a rarefaction correction to the
continuum solution. An expreseion for the non-dimensiongl overall average
heat transfer coeffieient for spheres in subsonic fleow is obtained in the
form NLEVQ

Nuqv = ) Ml

b - I \ (4]
1542 Re, Pr Ny,

The flow regions investigated here and in Ref. 4 are shown or Fig. 1 in
comparison with the range of earlier investigatiome reported in Ref. 5,

2.0 AFALYSIS
' If one considers the temperature Jump in the slip flow regicu

as an effsctive tharmal contact resistsnce st the surface over and ebove
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the tharmal resistance due to the viscous boundary layer, then the heat
transfer coefficient at low pressures can be determined to the first order
by a correciion to tiie coniinuum heat ¢ransfer coefficient at the same

Reynolde rnumber.

Consider a surface placed in a cortinuum flow so that heat is !
tranefered between the surface und the stream, At any particular instant '
the surface temperature is assumed uniform and equal %o TW" . The hest

flux »111 &

- ot _ e o o
q= _ky=o a_y)_y=o = h<: Gw —+e) (2.1)

where %I— is the gradient of temperature normmsl to the surface, K is the
heat conductivity, hc is the convective heat transfer coefficient, and Te
is the equiiivriwm temperature of the surface., The subscript y=0 1iden-
tifies the properties of the air evalusted at thz surface and zero super~-

seript signifies continuum eonditions.

Now if the alr stream 1s rarefied while holding the Reynolds num-
ber constent, the additicnal resistance to heat transfer due to the tempers-
ture jump will present itself so that we may define a total convective heat
transfer voefficient Incorporating both the thermmsl boundary leyer and tem-
perature _mmp r<slstances by writing

L
q =ng Gy = fe) (2,2)

where Tw and Te are the surface temperature and equilibrimm surface tem-

perature respectlialy.

The first order temperature jump boundary condition may be
written as

TS
+.>l: o T\N - )‘ L (2-3) !
AT y Y =0 i.
wvhers t__  and ’——) are the tempersture and gradient of tempera-
y=0 8Y Jy=o

twre in the layer of gas immedistely asdjacent to the surface. The guan-
+ity A is the temperature jump distance defined from kinetie theory
(Ref. 6) by the formula

A= 1,996 252 L AL :
or: |
A e 2 (2.4)
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with £ = 1.8 XM , L the aecomrodation coefficient, 7 the ratio of
specific Leats, Pr the Prandtl nurber, and 6 = 1.9%0 Zaid;% .

This first order tempersture jwmp condition requires that 'T'eafeo.
It is now further assmed that § , the heat transfersd between the sphars

at temperaturs '.*W and the gas at tempersture Tl for the case of a surface

texperature jump, is the same as the heat 4ransfered between a sphere at

temperaiire ‘;‘_y =g Aand the gam at temperature 7 "y under conditions of no

temperatiurs Swmp. In other words, ®a. 2.1 1s sssuned valid witn T‘; =T o®
v ¥ =

Combinations of Egs. 2.1, 2.2 and 2.2 give

©

o
he _,., Mg
ha Kyso

Substituting Eq., 2.4 in 2,5 ylelds

ho . ECOX M
F2_=1+1.488 Kyao Re Pr
or
N o
M = -—L R
Nu **\1'4'89Reapr'\Ju

(o}
where NU and NU are the local Fussalts numbers for cortinuum and rarefied
flows respectively.

Bq. 2.7 indicates that exprrimental dsta could be correlated by a
1 o) versus
Nu

1 — ——

\Nu Re Pr
3.0 EIPERIMENTAL EQUIPMENT AND FROCEDURE

3.1 The required low density gss siream was provided by the No, 3
The constructional featurea and gen-

plot of | s 8es Fig, 4,

Wird Tunnal locatied at Berksley,
ersl operating characteristics of the tunnel are contained inm Ref, 7.
An ax!i-symmetric, subsonic nozzle was employed in the investigation,
giving a range of Mach numbers, 0.l to 0.69, and a static pressure
range of 36 to 3300 microns Hg. The nozzle used had an exit dlameter
of 9 inches. The deaign of this nozzle is described in Ref, 8,

The fovr spheres and %ne impact pressure probe were mounted on a
rotery selector (see Appendix C, Ref. 8) which in turn wss supported

2.5)

(2.6}

(2,7)

PR

——————— e e,
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in the tunnel test chamber by & traversing mechsrism (Ref. 7) capatle
of axial, latersl, anc vertical movement with respect to the nozzle,
With this versatile mounting syster, any of the five objects on the
rotery selector could be moved intc the flow field as required, with-
cut alteration of the flow,

Experigental Method

The overall average heat transfer coefficients were determined by
the transient technlgue dsscribed in Ref. 4. Briefly, the method is
as follows: The rate of change of heat in a small body of sensibly
uniform internal temperature distribution is equated to the heat lcss
by coavection and radiation to gilve

—ewV S o A -t R A (r-t) (3.1)

with the boundary conditicrs
+=T'l T =0

t =1, T —> oo

where T, 1is the initial sphere temperature and Te' is the equilibrium
temperature for the combined effects of radiation and convection. If

the difference between the absolute surfece tempersture and the abso-

lute temperature of the surroundings is not great, Eq. 3.1 may be in-
tegrated for hC and hr not functions of the temperature tc yield,

Alh.+h.)
fle o Tewv ¥ (3.2)
E_ g cwV .

where the equilibriwe tempersture T, is,

hC Te + hr TO

!

T = ~———L (3.3)

€ Gc ¥ hri
ard the equilibrium tempersture due tc convection heat transfer alone
is given from Eq. 3.3 &8

h ’
! Y t
Te =T + e Ue - Ta\/ (3.4)

It is necessary to determine the radiation heat transfer coeffl-
clent *Wr independently by making transient ccoling runs at no flow
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3.4

with tunrel pressures reduced tc the order of 0.1 zm Hg, so that fres
convection currents are eliminated. The heat balance in this csse

tecomes

- cwV g%' =hrA(?-Td) (3.5)

and the solution for the boundary condition

T o= Ti T = o
t = TO T o e
- Ah © {3.6)
T -7 r
_—a - T
T! -TQ = € CWV

Making uss of the temperature time histories on a semi-logsr-
ithmic plot as suggested by Eqe. 3.2 and 3.6, the radiation heat
transfer coefficient, ?\r , and the sum of the radiation and corn-
vection coefficients (hci-hr) are obtained. The quantity Td is
measured by meens of a thermocouple placed on the tunnel wall and
Te‘ iz that aquilibrium temperature attained by the sphers after
a very long time. The equilibrium temperature for convection only
may then be calculated from Eq. 3.4. The heat transfer cocefficient
due to convectlion aleone, hc » 18 the arithmetlec difference between

tke two experimentally determined coefficients Q\C+Pﬁr) and fﬁr o

Sphereg

The stheres were mafe of silver and were mounted on hollow drawn
glass stings as shown in Fig, 2. B and S No. 40 iron and constantan
wires were made into thermccouples and soft soldered into the centers
of the spheres and were then led out through the glass stings to
larger sires on the sting support leading tc the recording potenti-
czeter. The spheres are further described in Ref. 4.

Experimental Procedure

The sphere in questicn was heated initislly to a temperature of
arproximately 120°«150°F by means of a radiaticn furnace cornslsting
of a 10C watt lamp encasec in several radiation shields and mcumted
near the nozzle in the test chamber. This radiart energy was suffi-
clent to give the sphere a 10° temperature rise in aspproximately 10
geconde. The sphere was then rszoved frem the furnace and treversed
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intc the air stream on the nozzle centerline with 1ts forward stagration
point tangent tc the sxi% plane of the nczzle. The termperature-time
nistory of the sphere for this posnition was recorded by means of the
recording potentiometer.,

Ingtrumentstion

All pressures were measured by a precision U-tube manometer (Ref., 9)
to an accuraey of * 1 microms Hg for pressures up to 400 microns and
=~ 1/4 per cent for pressures above A00 microns.

Sphere temperatures were messured by an iron-constantan thermo-
covple ard recorded by & Leeds-Norturup potentiometer to an accuracy
of = ,017 millivolts = 0.5°F and 2.5 per cent in time, The tunrel wall
temperature, Td , and settling chamber temperature, T, , were measured
by copper-constantan thermocouples located in the settling chamber and
racorded with a Brown 16 puint recording potentiometer to z .03 milli-
volts (T 1.4°F),

In addition to the above special instrumentation, the standard
tunnel equipment and instrumentation as described in Ref. 7 was utilized,

4.0 REDUCTICH OF EXPERIMENTAL DATA

4ol

Flow System

The flow parameters required in the dsta presentation are Mach
number and Reynolds numbers evalusted at the center of the nozzle exit
plane. These values were determined in the following manuar: The
static pressure, Pg » was measured by a wall orifice in the constant
ares section of the nozzle and the total or impact pressure p; was
measured by a source-shaped impact probe (0.300" 0.D.) at the nozzle
exit plane. Agreement betweer this impact pressure and the reservoir
pressure sllowed the use of the following lssntroplc formulz for the

determinaticn of Mach number:

d
e, - 2 -
{1+ L1\ & (4.1)
P c 1
for eir witk 7 = 1.4
i
L2
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- 7=

The stagnation temperature was assumed identical to the measured
settling chamber temperature. As a result, the state temperature was
determined from the Mach number by the adiabatic formula

1oy 2\73
T (1 + 7T My ) (423)
and for 7 = 1.4
o\~ 1
T =T, (1+o.2M1> (44)

Assuming that perfect gas relatlonship holds,thse above formulas
for Mh-and Ti , together with the meesured valuc of Fg and the coeffi-
clent of viscosity for dry air at tempersture 1].(Ref. 10) enabled the
Reynolds number to be calculated by the formula

M, P D
-0 1 o)
Re, = 6.64 »10 '

In Table I are tabulated the turnel flow conditions for the wvarious

runs. No nozzle blocking corrections were appliad.

Thermal System

The reduction of the thermel data was accomplished by means of
the method outlined in Section 3.2 to result in the values of the
convection coefficients hc . The final results are shown ir Table II
in the dimensionless form of the Nusselts nunber,NucV= -Ece— y wherein
the thermal conductivity of the air 18 evalusted at the equilibrium
temperature of the sphere. A typical plot of log(T -'Tel)versus T

appears in Fig. 3.

5.0 SOTRCES CF ERRCR

5.1

502

Flow System

Errors incurred in the determination of the Mach ancé Reynolds
numbers were primarily due to the inaccuracy of the instrumentatica
used to measure the pressures and tedperature required in Eqs. 4.2
a0d 4.5 The maximum relative errors of these quantitles vary from
0.1 to 25 per cert and are listed with %he quantities themselves in
Table I.

Ihermgl System

The errors attendant

to the dotermination of the heat transfer
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goefficients hC reside in the measurement of the time-temperature
history of the cooling body ard in the separste determination of the
squilibrium temperature Te‘ . These errors are thus determined by
the least count of the recording potertiometers. The largest least
ount, - «52°F, wher assoclated with the smallest temperature dif-

«

ference measured and used in the computstion, 5°F, gives a possilble
error of 10 per cent. In addition, the error due to time measurement
is 2.5 per cent. The radiastion-conduction correction which is ac-
counted for experimentelly in independernt runs is subject to the same
errors due tc instrumentstion., Since the radiation-conéuction cor-
recticn may amourt to 50 per cent of the total hest transfer coef-
ficient(hc+-h?,) in the worst case,the maximum uncertainty in the
determination of hc may possibly be 25 per cent. This uncertainty
in hc will be transmitted directly to the Nusselts number with auy
other error incurred in the value of the thermgl conductivity of the

air,

6.0 DISCTSSICN OF EXFERINENTAL RESULTS

The analysis given in Section 2.0 results in sn expression for
the dimensionless local heat transfer ccefficient for the case of slip
flow by virtue of ar effective thermal contact resistance due ic the tem~
perature Jwip boundary condition. The result sppears as & function of the
dimersionlese local heat transfer coefficient for continuum flow and the
local Mach, Reynclds and Prandtl numbers, It is given as

tho
Vo T T g O (e
or e rr
.._1_ - 1 \-'\ o M (6 lB)
Nu W;‘“‘L‘ASV Re Pr o

The experimental dsta is in the forxz of overall average heat %ransfer co-
efficients or spheres and exact prediction of these resulis cennot be ex-
pected fror the foregolng simplified analysis, However, one could exéect
that Eq. €.14 wouléd give a method of eccrrelating the deta, insofar as it

raduces to the continuum value for small ﬁ&f%;;‘ and gives a solution for

large which resembles the free molecule solution of Ref. 3, i.s.,

M
N, ReProg (fha
R’!e Er‘ = i , for srallM,
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For our particular application to overall average hest transfer
fror spheres, we shall utilize the scluticr f£rom Ref. 2 as the specifica-
o .
tior for Ny which gives

o 2 -1
’ © ~ucT), 4
c h D\ ~ (l-e )(l'ﬁ'd ) . du (6-2)
Nug, = %ii '—‘Z“‘;Téf ~2/g N\ 2(f u
.' . U] )
where/& =\"§\.’ RePr ; n= Ugv with Ul the free stresm velocity and

Uav the average veloc{.ty over the srhere., The experimental data is cor.

1 M - A e
related as Ndgy Eze— versus 5T and appears in Fig. 4 withn= 1,3,

The value of N = 1.3 was chosen merely to mateh the solution to the data

Qé\ﬁpr « The data correlates as a straight line of slope equal

to 3.42 as determired bty the method of least squares. It may be seen in

for small

Fig. 4 that better than 90 per cent of all the experimental date lies within

a 10 per cent error by Nudv of this line. This is, in general, witain the

accuracy of measurement of the data.

The above empirically determined corstent, 3.42, enables cre to
write ar expression for the heat transfer for spheres in a slightly rare-
fied subsonic air stresm as

o]
N UT?\V i
av 1+3.42 R‘_ei-sr Nuy,,

The superimposed plot of Eq. 6.3 &as well as the theoretlical results for
spheres from Refs. 2 and 3 are shown for compsrison with the experimental
data in Fig. 5 as Nusselts number versus Reynclds mmber with Mach number
as the parameter. This fipgure presents graphically the growing influence
¢f the rarefaction parameter F?; vpon the hest transfer and also illus-
trates the ability of the proposed rarefaction correction to match the

eontininm and frese molecule flow solutions.

In Fig. 6 analytical results of the continuum low Reynolds num-
ber and free molscule flow regiors are shown for comparison with kmown

exlsting experimontsl data for heat transfer from srheres.

Temperature recovery factors have not been presented because
the instrmentsticn ussd prevented obtaining an acceptable accuracy in

the measuremsent of this guantity.

(6.3)
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7.0 ERESULTS

7.1 Experimental average oversll heat transfer coefficients were
obtained for spheres ir a rarefied subsonic air stream where the Msch
number and Reynolds number varied from C.1 to 0.69 and 1.7 to 124,
respectively.

742 A semi-empirical formulation of the Nusselts r»umber for spheres
in a8 rarefied subsonlc air stresm is obtelned by correcting the con-
tinuum solution for an sffsctivc thermel contect resistance dus to

the temperature jump boundary coadition,

7.3 The presented data follow the same trends toward the free mocle-
cule solution as was first shown in Ref. 4 for spheres in rarefied

supersonic flows.
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SUBSCNIC NCZZLE FLOW CONDITIONS

—r

P

-

Maximim Error

' o]

il e I O B P, B G SE
236(=) 20 ! 193 538 .69 110 a0t e
236(b) 20 37 539 .37 116 213 | T 1.6
237 20 363 535 .37 106 21.3 | 1.6
238 2.3 36 543 .59 17 - 5.7 | =85
239 2.3 136 537 .17 17 17 7
24,0 2.3 63 543 .35 17 toa | Lo |
241 2.3 62 538 .37 18 T7.7 | T9.3
2/2(a) 2.3 €1 536 .37 18 T 7.7 1 193
242 (%) 2.3 241 536 .10 18 25 w25

243 2.3 236 538 .10 17 =25 225

24, 50 3293 539 .10 24,8 116 t16

245 40 1305 543 .21 205 3.6 | T3.9
246(a) 40 738 538 .37 207 ti12 | L1 i
246(1) 40 440 543 .59 211 s |t oL
247 30 570 530 .37 166 T1.2 | L1



TABLE II

| Sphere ! ]
Tunnel h t h h N Re. Vi
Run No. I(Jﬁgz: e (°Fe) : ro. e _j Mav 1 1
H r
236(a) 100 4,00 25 | W8 3,16 1.76 11,0 .69
175 2.50 70,1 54 1.96 1.92 19.3 .69
250 2,31 68.9 .23 2,08 2.91 27.6 .£9
+500 1.53 €9.4 .12 1.41 3,95 55,1 .69
236(b) .100 4.91 77 46 1A 4 .06 2,24, 11.6 .37
»250 2.66 7.5 .23 2.43 3.36 29.1 037
237 175 3,22 77.8 54 2,68 2.59 18.5 37
238 .100 1.72 83.9 .:7A 844 o477 1.6% «59
175 .98 83.1 28 703 L673 2.96 .59
<250 1,07 81.1 .23 834 | 1.1 4.2 .59
.500 sl 78.2 W12 <59 1,63 8.46 .59
239 .100 3,01 78.5 g-7A 2,17 1.19 1,73 .17
2175 1.50 78.3 28 1.52 1.47 3,03 17
250 1.58 78.4 023 1.35 1.86 | 4.32 .17
«500 1.06 78,2 .12 .94 2.58 8.66 .17
24,0 .500 .81 73.7 .12 .69 1,90 8,37 .35
2/1 175 1,31 78.6 .28 1,03 .99 3.1 .37
250 1.26 77.9 223 1.03 1.4 449 37
2/2(a) .100 2.19 73.2 77 1.35 .75 1,76 37
242(b) .500 1.05 73.0 .12 .93 2,58 8,75 .10
243 .100 3.62 76.6 X:7A 2.78 1.54 1.73 .10
Q75 2,12 77 .6 .28 1.8 1.78 3,02 .10
0250 1.97 76.3 .23 1,73 2.40 4.33 .10
244, .100 7,92 753 g:7A 7.08 3.92 24, .10
+175 4492 7543 28 4obdy 4450 43.3 .10
.250 4,06 76,2 23 2.83 5,30 61.9 .10
500 2.60 76.3 .12 2,48 6.86 | 124.0 .10
245 .100 7,10 79.6 877 6.26 3.45 20,5 .21
175 4440 79.6 .28 4,12 3,97 35,2 W21
+250 3.82 7946 23 3,59 4.9 50,3 21
.500 2,57 78.7 12 2.45 6475 101,0 .21
246(3) .100 6.60 68.6 .& 5-76 3-23 2058 337
175 413 69.1 .28 3,85 3,77 36,3 .37
.250 3.56 70.7 .23 3'33 4065 5109 037
500 2,39 7.2 12 2,27 6.33 103.0 .37
246(b) .100 5495 69.5 :7A 5,11 2,86 27.1 59
0175 3,70 69.5 28 3.42 3.35 36,8 53
250 3,26 70.8 .23 3,03 422 52, .59
500 2,22 68.4 .12 2.09 5.87 | 105.0 59
247 +100 5.89 69.5 A 4e95 2.77 16.6 .37
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