
Int. 3. Heal Mass Tranrfcr. Vol. 8. pp. 245-252. Pergamon Press 1965. Printed in Great Britain 

A CORRELATION OF CONVECTIVE HEAT TRANSFER AND 

RECOVERY TEMPERATURE DATA FOR CYLINDERS 

IN COMPRESSIBLE FLOWt 

C. FORBES DEWEY JR.$ 

Firestone Flight Sciences Laboratory, Graduate Aeronautical Laboratories, 
California Institute of Technology, Pasadena, California 

(Received 20 July 1963 and in revised form 20 August 1964) 

Abstract-A correlation is made of heat-transfer data for circular cylinders of high thermal conduc- 
tivity in the Reynolds number range 2 x 1O-2 < Re, < lo3 and the Mach number range M > 0.2. 
The Nusselt number is found to vary monotonically from the continuum heat-transfer law Nu - A@ 
at high Reynolds numbers to Nu - Re in free-molecule flow. The normalized recovery temperature 
is found to be a function only of the free-stream Knudsen number for Mach numbers greater than 0.6, 
and a method of estimating the recovery temperature for all Mach numbers is proposed. Empirical 
formulas are presented for the Nusselt number, recovery factor, and slope of the Nu-Re correlation. 

The results indicate a free-molecule flow energy accommodation coefficient near unity. 
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NOMENCLATURE 

specific heats ; 
cylinder diameter; 
tabulated functions of sr; 
convective heat-transfer coeffi- 
cient, ql(TW - Taw); 
thermal conductivity; 
Knudsen number, h/d; 

Mach number, um/(yRTm> ; 
Nusselt number, hd/k; 
Prandtl number, c,po/ko; 
convective heat-transfer rate; 
gas constant; 
Reynolds number, pud/p; 
molecular speed ratio, (y/2)1/2M; 
cylinder temperature; 
cylinder temperature for no heat 
transfer; 
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a, 

Subscripts 

i ;pd, 

i i;: 

velocity; 
energy accommodation coeffi- 
cient ; 
specific heat ratio, cpIc,; 
recovery ratio, T&To; 
normalized recovery ratio, 

(7 - rlc)l(rlf - rlc); 
molecular mean free path; 
viscosity; 
density; 
overheat, (Tw - Tato)lTaw. 

stagnation conditions; 
free stream conditions; 
limiting value, continuum flow ; 
limiting value, free-molecule flow. 
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(h, e a), the transition between these two 
limits must be found by experiment at the present 
time. 

In low-speed continuum flow, there have 
been several correlations of the convective heat- 
transfer rate between a gas and a circular cylinder 
as a function of the properties of the flow. 
McAdams [l] found a successful correlation 
between the Nusselt number @d/k) and Rey- 
nolds number (~~~/~) by evaluating k and p at 
the mean temperature Tnc = l/2 (T, + T,), and 
using the free-stream mass-flow pcoam to evaluate 
the Reynolds number. His correlation was based 
primarily on the experimental results of Hilpert 
[2]t, and covered the Reynolds number range 
1 < Re < 105. More recently, Douglas and 
Churchill [3] have offered an improved correla- 
tion which accounts for large temperature dif- 
ferences between the cylinder and the stream. 
At low Reynolds numbers, the experimental 
results of Collis and Williams [4] agree well with 
the data of Hilpert for Re = 1, and extend the 
correlation to a value Re = 0.01. The data of 
Collis and Williams are in good agreement with 
the Oseen theory of Cole and Roshko [5] 
below a Reynolds number of 0.3. For Reynolds 
numbers greater than 104, the work of van Meel 
[6] may also be consulted. 

The results cited above are for continue flow 
with a Mach number M close to zero. At higher 
speeds, the Nusselt number is a function of both 
Mach number and Reynolds number. Similarly, 
the recovery temperature Taw is a function of 
both M and Re. It is the purpose of this paper to 
review several recent sets of experimental data 
for the Nusselt number and recovery tempera- 
ture in compressible flow, and to present em- 
pirical formulas which describe these two 
quantities as a function of M and Re. 

An informative correlation of heat-transfer 
data was compiled by 3aldwin, Sandborn, and 
Laurence [7] in 1960. Their results were based 
primarily on the transonic experiments of 
Spangenberg [8] and the subsonic data of 
Baldwin [9] for Re > 2, and on the subsonic 
experiments of Cybulski and Baldwin [IO] in the 
range 0.05 5 Re 6 2. There were several in- 

t The data of Hilpert [2] are more correctly interpre- 
ted in reference [3] than in reference [l]. 

herent difficulties with this correlation. First, 
the subsonic data approach the free-molecule 
theory of Staider, Goodwin, and Creager [I I] 
only if it is assumed that the energy accommoda- 
tion coefficient a varies with Mach number, 
from a M 0.5 at M w 0.2 to a w 0.8 at M m 0.9. 
In contrast, the more recent investigations in air 
and argon by Christiansen [12], Dewey [13], and 
Vrebalovich [14] have indicated an accommoda- 
tion coefficient near unity. Since no attempt was 
made in any of these experiments to establish a 
clean and outgassed surface, an accommodation 
coefficient near unity would be expected [15, 16J 
Observed differences in accommodation coeffi- 
cient would aiso suggest differences in the heat- 
transfer relation in the region between free- 
molecule and continuum flow. 

Second, the normalized recovery temperature 
variation in the range of Knudsen numbers 
Kn, = (h/d) between 0.1 and 10 found by 
Cybulski and Baldwin [IO] in subsonic flow does 
not agree with the high Mach number correIation 
given in reference [13]. This was originally 
ascribed to the difference in Mach number 
between the two investigations, but the recent 
experiments of Vrebalovich [14] have shown that 
the normalized recovery ratio 5, = (~1 -- Q)/ 
(qf - ?J is a unique function of the Knudsen 
number jGrn for A4 2 0.6. This result suggests a 
re-examination of the recovery temperature 
correlation. (It should be emphasized that the 
recovery temperature in free-molecule flow is 
independent of the accommodation coefficient.) 

Finally, Baldwin [9] and Cybulski and Bald- 
win [lo] report sizeable (up to 30 per cent) non- 
linear changes in the Nusselt number with over- 
heat 7 and with the absolute level of the tunnel 
stagnation temperature. These changes are in 
direct contrast to the results of Laufer and 
McClellan [17], Spangenberg [8], and Dewey [I3], 
where the effects of overheat were found to be 
small and approximately linear with T. The 
experiments of Christiansen [12] were conducted 
in a shock tube with a cold cylinder and a hot 
flow; Christiansen’s data is in good agreement 
with the wind-tunnel data of references [133 and 
[14], again indicating that the effects of overheat 
are small. The effects of overheat observed by 
Baldwin [9] and Cybulski and Baldwin [IO] may 
be due to an effect of surface temperature on 
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accommodation coefficient, as Baldwin, Sand- 
born, and Laurence [7] suggest. 

From the above discussion, it is clear that a 
meaningful correlation cannot be constructed 
without selecting a portion of the available data. 
The present correlation is based on the hot-wire 
heat-transfer data of Christiansen [12], Dewey 
[13], Laufer and McClellan [17], Spangenberg 
[8], Vrebalovich [14], Weltman and Kuhns [18], 
and Wong [19] in compressible flow, and the 
data of Hilpert 121 and the theory of Cole and 
Roshko [5] in the incompressible regime. The 
recovery temperature correlation is based on the 
data of Dewey [13], Laufer and McClellan 1171, 
Sherman [20], Stalder, Goodwin and Creager 
[ll], and Vrebalovich [14]. Based on an energy 
accommodation coefficient of unity in free 
molecule flow, the heat-transfer correlation is 
believed to be accurate to 37 per cent for 
M = 0 and M > 0.2 over the Reynolds number 
range 10-s $ Re,, 6 103. The normalized re- 
covery factor q.+ is believed to be known within 
f 0.1 for M > 0.6, using the universal relation 
+j* = +j* (Knm). This means an uncertainty in 
the cylinder recovery temperature of less than 
h-1-2 per cent for all free-steam Mach numbers. 

HEAT LOSS CORRELATION 

The heat-loss data are shown in Fig. 1 in 
terms of the three parameters 

where the subscript ( )0 refers to evaluation at 
the free-stream stagnation temperature. These 
parameters were also used by Baldwin, Sand- 
born, and Laurence [7] and others [l 1, 131, and 
offer distinct advantages over alternative for- 
mulations when the cylinders are used as instru- 
ments in non-uniform flow fields. The correla- 
tion is based on the measured Nusselt number 
for the cylinder temperature approaching the 
recovery temperature, although the effect of 
overheat is small for all data used in this correla- 
tion. 

The lines for M > 0, Reo > 40 are taken from 
Spangenberg for M < 2, and from Laufer and 
McClellan for M > 2. The dashed lines represent 
the asymptotic slopes NuO N (Reo)1’2 which are 
characteristic of continuum high Reynolds 
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FIG. 1. Empirical correlation of cylinder heat transfer at low Reynolds numbers. 
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number laminar flow. The line marked M :- 3.5 
and M 9 1 in the Reynolds number range 
0.5 < Re, < 40 represents the data of Laufer 
and McClellan and Dewey, and is believed to 
be accurate to within 13 per cent for the Mach 
number range indicated. The absence of Mach 
number dependence in the Nuo-Re, relation for 
.A4 > 1 is a direct result of the well-known 
“hypersonic freeze”, and is discussed in many 
recent publications (see e.g. Hayes and Prob- 
stein [21]). 

The smooth transition between the continuum 
heat-transfer relation NgO N (Re,)lJ2 and the 
theoretical free-molecule result is clearly evident. 
The Knudsen number may be conveniently used 
to measure the approach to free-molecule flow; 
from simple kinetic theory. 

Kn, = (b/d) = (7ry/2j1’” (MjRe,) (2) 

where 

If Kn, 9 1, the free-molecule solution of 
Stalder, Goodwin, and Creager [l I] should 
apply, so that the Nusselt number is given by 

Y--l 
Nuo = (hd/ko) = mi aReoPrO (4) 

where g(slf is tabulated in reference [ll] as a 
function of the molecular speed ratio SI and the 
number of excited degrees of freedom of the 
molecules. All of the data shown in Fig. 1 
approach the value of NuO given by equation (4) 
with an energy accommodation coefficient a of 
unity. 

The data of Christiansen [12] and Vrebalovich 
1141 in transonic flow are particularly illumina- 
ting. Christiansen performed his experiments in 
a shock tube, where the cylinder (a fine wire) was 
maintained at a temperature well below its 
recovery temperature, while Vrebalovich used a 
steady-state wind tunnel with cylinder tempera- 
tures approaching the recovery temperature. 
Since the body temperature enters the NuO 
relation in free-molecule flow only through its 
effect on the accommodation coefficient a, the 

excellent agreement of these two experiments for 
Re, < 10 indicates that the correlation given in 
Fig. 1 should be valid for a wide variety of physi- 
cal situations. If the measured accommodation 
coefficient for krlzm $ 1 differs from unity, the 
heat-transfer coefficients for Reo < 10 will differ 
from those shown in Fig. 1; the correlation of 
Baldwin et al. [7], on the other hand, was based 
on a value of a which varied with Mach number 
as previously discussed. 

EMPIRICAL HEAT LOSS FORMULAS 

it is useful to express the heat loss correlation 
of Fig. 1 in analytic form. Because of the wide 
range of Mach numbers and Reynolds numbers, 
an accurate representation requires formulas 
which are, algebraically, somewhat involved. 
However, the form of the equations is suitable 
either for hand calculation or high-speed com- 
puters, and the accuracy of the expressions is far 
superior to several of the earlier correlation 
relations. 

The correlation is written in two parts in the 
following form : 

Nu, (Re,; M) = Nuo (Re,; co) Cp (Re,; M); (7) 

@ (Re,; M) = Nu, (Reo; M)/Nu, (Reo; (~3). (8) 

The first term NuO (Reo; co) represents the M $ I 
curve of Fig. I, and is expressed as 

Nuo(Re,; co) 7~7 Re; 0.1400 + 0.2302 *( 

(9) 

where 

Equations (9) and (10) represent the jrnenfl line 
through the data of Dewey 1131 and Laufer and 
McClellan [17] within *O-75 per cent.$ Equa- 
tion (9) asymptotically approaches the limiting 
values 

t The scatter of these two sets of data is less than E 5 
per cent. 
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Re,_, -f co Nu,, (Re,; co) = 0.3702 Reij2 (11) 

Reo -+ 0 Nuo (Reo; co) = 0.1910 Reo (12) 

(Pr, = 0.7, cc = 1, y = 1.4). 

The quantity n (Re,) given by equation (10) is 
the approximate slope of the Nu,-Reo relation 
for M $ 1, and varies monotonically from l/2 
for Re, 2 200 to 1 for Reo 5 10-s. For subsonic 
and transonic flow, the departure of the slope n 
from the high Reynolds value of l/2 occurs at a 
lower value of Reo. 

The function @ (Reo, 44) is a measure of the 
departure of the Nuo-Reo relation from the 
relation for A4 9 1. It is well represented by 

Qj (Re,; M) = 1 + A(M) x 

where 

O-6039 
A(M)= --Jj-+ 

0.5701 [ (1 y;.i2e)i.56g - 11. (14) 

This expression passes smoothly from the 
high Reynolds number relation 

@ (; MO) = 1 + 0.200A(M) 
0.0650 

I.300 - F6S 1 
to the free-molecule limit 

(1% 

0.1910 (l f;222)15g6. (16) 

The results of free-molecule theory are tabulated 
in reference [I 11. The fact that the free-molecule 
heat-transfer law possesses simple closed form 
solutions as M-t 0 and A4 --f cc leads to the 
simple relation given by equation (16). The 
values a = 1, Pro = 0.7, and y = 1.4 have been 
used in deriving the latter expression. The 
differences between the exact solutions of Stalder 
et al. [ll] and equation (16) are less than 

&3 per cent for all M, less than rtO.5 per cent 
for O-8 < M < co, and equation (16) approaches 
the exact analytic solution as M -+ 0 and M-t 00. 

RECOVERY TEMPERATURE CORRELATION 

Two years ago (reference [131), a correlation 
was proposed between the normalized recovery 
temperature +j* of a conducting cylinder and the 
free stream Knudsen number Kn,. ?j* is defined 
by 

‘I* = (7 - ?)/(?7f - %A (17) 

where 7 is the ratio of the cylinder recovery 
temperature to the free-stream stagnation tem- 
perature and the subscripts ( )f and ( )c denote 
free-molecular and high Reynolds number 
continuum limits respectively. The recovery 
temperature in free-molecule flow is given by the 
theoretical expression (reference [ 111) 

7)f = 1 + y+My $I;. 
i 

(18) 

For high Reynolds numbers, 7c has been shown 
experimentally (e.g. reference [22]) to be a funo 
tion only of Mach number, decreasing from 1-O 
at A4 = 0 to 0.95 for Mach numbers greater than 
about two.* In free-molecule flow, qf obeys a 
similar “hypersonic freeze”, and approaches 
the limiting value [2y/(y + l)]. 

The data of Laufer and McClellan [17], 
Sherman [20], Stalder et al. [ll], and Dewey [13] 
have shown that the normalized recovery tem- 
perature +j* is a unique function of the free- 
stream Knudsen number for M 2 2. This result 
might be expected from the “hypersonic freeze” 
evidenced by both the continuum and free- 
molecule results. On the other hand, the data of 
Cybulski and Baldwin [lo] at subsonic speeds 
indicated a recovery factor +jr considerably 
below the high Mach number results at the same 
value of Kc,. 

The recent experiments of Vrebalovich [14] 
have extended the available recovery tempera- 
ture data to include the transonic range 0.4 < 
M < 1.2. These data, together with the experi- 
mental results for higher Mach numbers, are 
shown in Fig. 2. It is evident that the variation 

* See the Appendix for an experimental verification of 
the continuum limit Q = 0.95 for M > 1. 
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of the normalized recovery ratio +j* is qualita- 
tively and quantitatively similar throughout the 
complete subsonic-supersonic-hypersonic range. 
The single curve shown in Fig. 2 agrees with the 
data for M 2 0.7 within &O-l in f+. Since the 
difference 73 - Q rapidly approaches zero as 
M decreases below one, this curve may be used 
as an empirical calibration relation for all Mach 
numbers when computing the recovery tem- 
perature. Since the recovery temperature in free- 
molecule flow is independent of the accommoda- 
tion coefficient a, it is believed that this correla- 
tion is also independent of a. 

The recovery temperatures qf and yC may be 
expressed in terms of simple analytic functions. 
The data correlated by Morkovin [22] may be 
accurately represented by 

and the difference (75 = Q) may be written 

Equation (20) is based on the free-molecule 
calculations of Stalder et al. [ll] for y = 1.4. 

The quantities qf, Q, and (?f - Q) given by 
equations (19) and (20) agree with the exact 
experimental and theoretical relations to about 
&0.004 for all M. 

The recovery factor T may be computed using 
equations (17), (19), and (20) with the values of 
+j* shown in Fig. 2. The universal line shown in 
the figure is represented by the simple expression 

Thus, the recovery ratio T = T&T, may be 
easily computed for all values of Mach number 
and Reynolds number with a maximum uncer- 
tainty of about rtl.5 per cent. 
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APPENDIX 

Surface Temperature Distribution on an 
Insulated Cylinder 

Several cylindrical models were built to 
determine the changes in surface temperature 
distribution for different model materials. The 
results of the measurements for two cylinders 
are compared with the data of Tewfik and 
Geidt [23] and Walter and Lange [24] in Fig. 3. 
Surface temperatures were obtained by rotating 

the cylinder about its axis. The temperature of 
the nickel-plated micarta model was obtained 
from an iron-constantan thermocouple im- 
bedded in the nickel plating and polished flush 
with the surface. For the glass model, a sputtered 
thin-film platinum resistance gauge was used 
for the temperature measurement. Theresistance- 
temperature relation of the gauge was deter- 
mined in a calibration oven. 

Figure 3 shows that the surface temperature 
of a cylinder becomes more uniform as the 
thermal conductivity of the model increases. The 
data appear to approach the recovery tempera- 
ture ratio ve = (T/To) =: 0.95 with increasing 
thermal conductivity of the model. This value 
is the recovery temperature ratio which has 
been measured for a fine cylindrical wire in high 
Reynolds number, high Mach number flows (see 
Morkovin [20]). 

Zusammenfassung-Fiir die Warmeiibergangswerte von Zylindern mit kreisformigem Querschnitt 
und mit hoher WBrmeleitfZihigkeit wird eine Beziehung aufgestellt im Bereich der Reynoldszahlen 
2 Y 1O-2 < Reo < 10s und der Machzahlen M > 0,2. Es ergibt sich, dass die Nusseltzahl monoton von 
dem Warmeiibergangsgesetz im Kontinuum Nu - R# bei hohen Reynoldszahlen bis zu Nu - Re 
im Strom freier Molekiile variiert. Die normalisierte Riickgewinn-Temperatur wird als reine Funktion 
der Knudsenzahl des Freistromes fur Machzahlen grosser als 0,6 gefunden. Eine Methode zur 
Schltzung der Riickgewinntemperatur fiir alle Machzahlen wird vorgeschlagen. Fur die Nusseltzahl, 
den Riickgewinnfaktor und die Neigung der Nu-Re-Beziehung werden empirische Formeln 
angegeben. Die Ergebnisse zeigen, dass der Energieakknm?dationsbeiwert fiir die freie Molekular- 

str6mung nahezu eins ist. 

~HHOT~qasI-~pOBO~IiTC~CO~OcTaBJIeHIle~aHHbIxIIOTe~JI006MeHy~JIFIKpy~OBbIX~llJIHH~pOB 

C BbICOKElH KOB@@I~HeHTOM TeIIJIO~pOBO~HOCTH B AklaIIa3OHe YHCeJI PetHOJIbHCa 2 x lo-’ 
< Reo < lo3 II wcen Maxa M > 0,2. Hai@3Ho, YTO wic310 HyCCeJIbTa MOHOTOHHO wwe- 

HReTCR OT 3HaYeHKti,OIIHCbIBaeMblX 3;LKOHOM IIepeHOCa TeIIna B KOHTIlHyyMe Nufir Re1i2npa 
6OJIbIUKX sncnax PetiKoab~ca ~0 Nu - Re B cnysae CBO6OgHO MOJIeKyJIRpHOrO Te'IeHHFI. 

HatineKo TaKFKe, 9TO HOpMaJIH30BaHHafI TeMIIepaTypa BOCCTaHOBaeHHH fiBJIneTCR $yHKIWei% 

TOJIbKO wcza KHygcerra npa YKCJIaX Maxa 6onbIlre 0,6 14 IrpeAJIoHFeH MeTon OIIpeAeJIeHHfI 

TeMnepaTypbI BOCCT3.HOBJIeHHR Ann Bcex wicejI Maxa. ~PMBO~~F~TCCI 3iwnipK~ecKme @opMynbI 

Hnri WiCJIa HyCCenbTa, HO3@&II(MeHTa BOCCTaHOBJIeHIfR K IIaKJIOHa KOppeJIFIIfHOHHOfi KpR- 

uoii Nu-Re. 
Pe3yJIbTaTbI IIOI<a3bIBaH)T,YTO IC03$NjjK~lleHT aKKOMO~aIWlll3HepIWclCBo6O~HO NoneKynHp- 

HOBO noToKa ~JILI~OK IF eAaHwe. 


