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Abstract—The flow and temperature fields of multi-atomic gas near the stagnation of a cylinder are
theoretically studied, taking molecular vibrational relaxation into account, and putting importance on heat
transfer performances. Based on the continuum equations, the velocity and temperature jumps of
translational, rotational and vibrational degrees are considered as the boundary conditions and effects of the
vibrational relaxation for subsonic flow are discussed. The total heat transferred to the surface is the sum of
heats due to the translational-rotational temperature and the vibrational temperature. The ratio of the heats
depends much on the ratio of the flow characteristic time to the relaxation time of molecule, and consequently
the total heat is much influenced by this ratio of the characteristic times. The effect of the flow-relaxation time
on heat transfer is more remarkable in the vibrational nenequilibrium than in the thermal equilibrium main
flow. Even in a continuum flow of Knudsen number of about 107 %, the effect of vibrational relaxation on
stagnation heat transfer is still appreciable.

NOMENCLATURE

ratio of isochoric vibrational specific heat to
isochoric specific heat without vibrational
contribution C = C,,/C,,,;
isobaric specific heat C, = C
isochoric specific heat C, =
diameter of cylinder;
momentum  reflection  coefficient  of
molecule;

ratio of characteristic flow time to vib-
rational relaxation time;

Knudsen number, Kn = I/D;

mean free path of molecule;
thermodynamic pressure;

nondimensional thermodynamic pressure p
= plbaV%; .

Prandtl number Pr = iC,/(,, + ,);
Prandtl number without vibrational contri-
bution Pr, = aC,, /4,

Prandtl rlumper due to vibrational degree
Pr!! = ﬁcvv/'j“v;

radial coordinate;

nondimensional radial coordinate r = f/ﬁ;
specific gas constant;

Reynolds number Re = 5,V D/ji;

time;

nondimensional time t = £ - 17@/[3;
temperature;;

nondimensional temperature T = TC,,,/
Vi

temperature of translational and rotational
degrees;

temperature of vibrational degree;
circumferential velocity;

nogdimensional circumferential velocity u =
u/V..;

+ Cp;
r+ Cos

Et,r
(28

o, radial velocity;

v, nondimensional radial velocity v = /V  ;

o, accommodation coefficient of translational

and rotational temperature;

accommodation coefficient of vibrational

temperature

7, specific heat ratio y = C,/C,;

Vs specific heat ‘ratioA for frozen vibrational
degree }’f = Cpt‘r/ Cvr.r;

4+,  translational and rotational thermal con-

ductivity Z,, = (54C./2) + (64C../5);

4, vibrational thermal conductivity i =
(6/5)iC,p;

%,  nondimensional translational and rotational

thermal conductivity 2,, = 4, /(Z,, + L)

'y

4,  nondimensional vibrational thermal con-
ductivity 4, = Z/(4, + 4,);
i, viscosity ;
P, density ;
P, nondimensional density p = p/p..;
T, vibrational relaxation time.
Subscripts

[

,r,  translation and rotation;
vibration;

wall quantities;

,  free stream quantities.

8§ &=

Superscripts

s dimensional quantities.

1. INTRODUCTION

SincE the oil crisis in 1973, for effective utilizations of
waste heat and thermal energy of hot brine from
geothermal wells and in the ocean thermal energy
conversion, Rankine cycle in low or middle tempera-
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ture region has been attracting attention. Multi-
atomic molecules such as freons, CO,, NH,, isobutane
etc. have been investigated as working fluids for this
purpose, as they have high vapor pressure at rather
low temperatures. Some of these multi-atomic gases
have comparatively long molecular vibrational re-
laxation time and their vibrational relaxation proper-
ties have been studied for the interests of chemical
physics or chemical gas lasers [1], but no report of
effects of vibrational relaxation of these multi-atomic
gases on heat transfer has been made.

On the other hand, effects of molecular vibrational
relaxation of a binary gas such as N, or O, or their
mixture on heat transfer have been studied so far,
mainly in the interests of stagnation heat transfer of
blunt-nosed re-entry vehicles in the upper atmosphere.

In these studies, Jain and Adimurthy [2] have
analysed the flow and temperature fields for the
adiabatic wall case. Kao [3] analysed the viscous flow
by applying the approximation of local similarity to
the Navier—Stokes equations with the velocity and
temperature jumps at the surface, but they did not take
the vibrational relaxation into account. Tong [4] and
Schubert [5] made theoretical investigations on stag-
nation flow and heat transfer behind a shock wave at
hypersonic speeds and discussed effects of dis-
sociational and vibrational relaxations, but both
papers treated stagnation flows behind the shock wave
downstream a hypersonic flow.

The features of this paper are different from the
above papers on the following three points. First, cases
for multi-atomic gases other than N, and O, have
been treated. In the case of former gases, the ratio of the
flow characteristic time to the vibrational relaxation
time varies with molecules, and the ratio is taken as an
important parameter in this paper. Secondly, the two
main flows featured in this paper are discussed : oneisa
vibrational nonequilibrium main flow behind a weak
shock and the other is an equilibrium main flow
accompanied with the nonequilibrium region near the
stagnation point. The two cases that are taken up
refer to flows in components of organic Rankine cycle.
Thirdly, dependence on effects of vibrational re-
laxation on Reynolds number is investigated, taking
into consideration the variation of field properties in
the circumferential direction.

2. FUNDAMENTAL EQUATIONS

The coordinates for the analysis of flow and tem-
perature fields are shown in Fig. 1 where V., ’f‘,m and
T, are the velocity, the translational temperature and
the vibrational temperature, respectively. A cylinder of
the diameter D is set in the flow, and the flow and
temperature fields near the stagnation point are anal-
ysed under the following conditions. (1) The flow is
steady, compressible, two-dimensional viscous. (2) The
physical properties such as C,,,, Cy,, 4, 4, fi are
independent upon temperature, since as the tempera-
ture regions concerned are rather narrow. (3) Gases

Y. Mori, N. HiMeno, K. HUtkata and T. MIYAUCHI

Fi16. 1. Coordinate system.

are ideal. (4) In a nonequilibrium state, the trans-
lational and rotational temperatures are always the
same, while the vibrational temperature is different
from those. (5) The velocity and temperature jumps at
the surface are taken into account, but the accom-
modation coefficient for the vibrational temperature is
very small compared with that of the translational-
rotational temperature.

In the following analysis the effect of curvature of the
surface should not be neglected, as the influence of the
stagnation point spreads widely upstream of it. Under
the assumptions cited above, the fundamental equa-
tions are introduced.

Using the coordinate system shown in Fig. 1, the
equation for mass is given as:

+ - —(pu)=0. 1
; ;% (pu) (1
The equations for momentum in the radial and

circumferential directions are as shown by equations
(2) and (3)
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The equation for total energy is
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The equation for vibrational energy is

pa 0 N

T C T

A(CUU )+ 66( v U)
_ﬁqwf (P 10T 1T,
=7 Tu-T+ilam v s T2 3¢

)

with the relaxation time £ of the molecule.
The equation of state is
p=pRT,, ©)
The two-dimensional flow and temperature fields in
the vicinity of the stagnation region of a cylinder are
going to be studied. The flow and temperature vari-
ables are expanded into the series of 6 up to the second
truncation as follows.

03
i, 0) = it,(F) (9 - ?) (7
B(F, 60) = vo(r)(l - g + g;) (8)
B, 0) = Po(f) + 6°p,(F) ©)
A7, 0) = po(F) + 8%5,(F) (10
T,,(F,0) = T, ,0(F) + 0*T,,,(F) (11)
T.(,0) = Toof). (12)

In the truncation equation of zero order of 6
expansion for T, o, T,,; is included due to the thermal
conduction term in the 6 direction. The effect of the
term of T, is limited in the layer near the surface and
is accompanied by p,, which represents the influence of
the curvature of the surface near the stagnation point.
In this respect, T,,z can be analyzed corresponding to
P2- However, the fundamental equations are of elliptic
type and the exact solutions cannot be obtained
without neglectmg T, .4, €tc. Consequently, for this
paper, T,,, was calculated under the following as-
sumption. In the region so called the main stream, an
adiabatic process is applied. In the region between the
main stream and the surface, T,,, changes in a way
similar to that of T,,, to satisfy the boundary con-
dition at the surface of ’IA",V,Z = 0.

P, is expressed by use of p, and ’IA“,,,2 from the
equation of state, but the effect of j, on momentum
equation was found negligibly small through several
trial calculations.

The terms of equal power of @ in the fundamental
equation are summed up and made nondimensional
by use of the following expressions:

= ﬁO/ﬁwa
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pi= PAs/PAm‘A’w = Tjépt,r/f}go
(i=0,2), (j=1tr)
iy =gy + ) Gy =M/ Cs + 1),
C=Cul/Co 75 = Cotr/Cotr,
Re=p,V.D/h,  Pr=iCy, /i,

Prll = ﬁcuv/zw
K =DV, -1

Pr=pC,/0 ., + 4,)
(13)

Then the nondimensional equations to be used in
numerical calculation are

Oy vo 0po

— = - - 14
o (v0+u1) pa O (14)
6p0 5v0 4 6200
o - T P%% T3Re o
1 {2 1 0y,
‘i;{rz“’““”‘; 737}
1 {1 vy Ouy
- <= -= 1
3m@m+m H(Zer2) s
dp, 1 vy Poliy )
—= = — 42— —-——> (16
o 2{00”0 ar + (uy + o) or (16)
Ou Ou
(3_;: ‘Uo‘aTl— 1(“1‘*'170)——1)—2
1 1 [/ovy uy v,
" 3Re rp0<6r +T+7
1 0uy, 1 éu 2
- ——— 17
+Re po{ar ™ rz(u1+v°)} (17
oT,, oT,,
2= =0 — KC(Tyy0 =~ Tio)
Ove uy v, 1
= T, —=+2+=2
=1 ‘°<6r * r * r +RePrl
1 (T, 10T,, 2
x;;( @ e T2 )
29, (0002 (uy + v\
—<| = _ 18
M Re {((% * r (18)
0T, 6T,,0 (T T,
ot a t,r0 )
1 °T, 10T
v0 v0 (19)
RePr,, po or? r or
y—1
Po =" —poTi 0 (20)
s

In equations (17)—(19) the unsteady terms are added in
the left side, to make convergence of numerical calcu-
lations more successful.

3. BOUNDARY CONDITIONS

In the free stream far upstream the stagnation point,
all quantities of the flow and temperature fields are



1628

assumed to be constant and the nondimensional
boundary conditions are given as

po =1, tg= —1, wu; =1

Tt.rO = Tt‘r‘x! TvO = TL' T

p2=0. 2n

In connection with equation (21), the relation
between the translational-rotational and the vib-
rational temperatures should be investigated. Two
possible cases are taken up in this study: equilibrium
and nonequilibrium cases. In the equilibrium case
T,yw = T,,. In the other case, which is a non-
equilibrium case, the temperature nonequilibrium is
caused by a shock waveand T,,, > T,,. isassumed as
the boundary condition in the free stream.

On the cylinder surface, the velocity slip u; and the
temperature jumps are considered. The relations to
indicate these conditions are:

vy =0,
2 — 0
uy = 22 k(P4 22)
f 6" r=0.5
T T + 2—a, 2 KnfdT,,,
Lo T o, Y+ 1 P\ 0O J-os
(23)
To_T +2—aU.Kn oT,,
v A, Pry\ or r:0.5.
(24)

4. NUMERICAL CALCULATION AND RESULTS

The differential equations to be solved are equations
(14)—(19) constructing a set of nonlinear first and
second order equations. The numerical procedure to
solve these equations by use of equation (20) is as
follows. First, appropriate initial profiles are assumed
for u,, T,,, and T,, to solve unsteady differential
equations (17)—(19) for them by integrations with time.
In the process of these integrations, the values of vy, p,
and p,, which are obtained from integrating equations
(14)~(16) and using previous values of 4, and p,, are
used where p, is calculated from equation (20) in
advance. Then the same calculation procedures are
continued until the steady solutions are obtained. In
the calculations two typical values for Reynolds
number are taken up in consideration of the effect of
T,,2 and future comparisons with experiments by use
of fine wire and a small cylinder; a low Re region of
10-100 and the other Re region of 10*. In numerical
calculations for both Re regions, as the physical
properties, those of CO, are assumed, because not
only the properties, but also the vibrational relaxation
time is well known. The coefficient for velocity slip f
and the accommodation coefficient «,, for the
translational-rotational temperature jump are as-
sumed to be a unity, but the accommodation
coefficient for the vibrational temperature «, is taken
as 0.001, taking into account the report by Schubert
[5] on N,. The adaptability of this assumption should
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be checked in comparison with experiments in future.
Before proceeding to show numerical results, a
general discussion of the influence of vibrational
relaxation on the heat transferred to the surface is
made. The following steady state equation for T, is
obtained from equations (14), (18) and (20).

dT,, C to dpo
v —=—-K—(T,,0— T, —
0 dr '})f( t.r0 1,0) + o dr
1 l (dZTuO 1 th.rO)
RePry; po\ dr? roodr

(25)

2 dvo)2 (u1+vo 2
+1€{<K At

The steady state equation for T, is as given by the
following equation from equation (19)

dT,
o dr° = K(T,,0 — To)

+

11 (dZTUO

.. dT”O) 26
RePry po\ dr* ' r /) (26)

dr |

A mean temperature T, is defined by the next
equation from T,,, and T,

c.,, C..
Tm = (:‘;”‘ Tt.rO + ?w_ TUO' (27)

4 P

It is well assumed that %,,/i, is proportional to
Cp./C,, and we have

"t.r/(j:r.r + j:v) = Cpt.r/ép?
by = Al + ) = Gl

By use of equation (28) the following approximate
relation for T, is reduced from equations (25) and (26)

24

p—

/‘t,r =

(28)

b 3w _ 7 Yo dpo
o dr 75+ C po dr
. 1 1 /dT, N 1 dTm)
RePr po\ dr* r dr |

Y 2 dl) 2 (u “+v )2

iy (1] 1 0
+— —— ] +[—) ;. (29
*/f+C Re{(dr> . @)

In equation (29), the parameter K is not explicitly
included and T, is obtained from equation (29) to
satisfy the boundary conditions. The nondimensional
heat transferred to the surface is defined as follows and
got from equation (30):

dT, dT,
=) ( Lro 2 <h°> . (30
Q ” L dr Jeeos T dr Ji-os 30)

Equation (30) is also shown as follows by use of the
approximate relation (28):

_Fn>
Q- d" rrﬁO.S'

The mean temperature at the surface is given as follows
from equations (23) and (24)

(31)
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Table 1. Wall temperature and free stream translational-rotational and vib-
rational temperatures and K in low Reynolds number case (Re = 50)

Calculated R ~
case No. T, (K) T,,.(K) T,, (K) K
Eauilibri 1 400 400 400 10
quitibrium 2 400 400 400 104
N iibri 3 400 500 400 10
onequilibrium 4 400 500 400 10_4

Table 2. Nondimensional temperature gradient and heat fluxes at the wall in low Reynolds number case (Re = 50)

Calculated Nondimensional
case no. dT,,0/dr),-0.5 (dT,o/dr),—o s heat flux, Q AQ/Q
-3
T S R
-3
Nonequilibrium ; S e e (Q4—05)/Qs = 81.0%
2 -0, dT,, (dT,,/dr),- 5 is affected remarkably by the magnitude
Tw=T.+C Kn d of K and consequently the transferred heat is in-
a:.r r Jr=o0.5 . . . .
fluenced appreciably by the vibrational relaxation. A
(- Cy 2—-a, o, C (Too—To),. detailed quantitative assessment of vibrational re-
C, 2—a, a,)y,+C 0 WO laxation on heat transfer is described in the following
(32) numerical results.
where C, and C, are given respectively as follows: 4.1 Low Reynolds number cases
For the cylinder diameter of 5 um, the main stream
= 2 L velocity V', = 280 m/s, the main stream pressure P,
vy + 1 Pr = (.5 atm, Reynolds number Re = 50, and Knudsen
1 number Kn = 2.64 x 1072, numerical calculations
=5 (33)  were made for thermal equilibrium and nonequilib-
I

The third term in the right side of equation (32)
represents the influence of vibrational relaxation. By
investigation equation (32), it is understood and
explained in details in the numerical results described
later that for small K the vibrational temperature is
almost frozen and equal to the main stream tempera-
ture and for K being an order of unity the temperature
difference between the translational-rotational degree
and the vibrational degree gets small and for large K
the vibrational temperature becomes equal to the
translational and rotational temperature. When a,, is
much smaller than unity, (T, — T,),-¢.s is not zero

but finite, and as seen from equation (32),
40
i Re =50 —K=10
T, L~ Kn=2.64 x102 -—=K=10"%

05 1.0 15 20 25 30

F1G. 2. Temperature profiles along the stagnation stream line
for equilibrium case.

rium cases by taking the ratio K of the characteristic
time of flow D/V, to the relaxation time 7 as a
parameter. The cases calculated are shown in Table 1.

(1) Equilibrium case. In Figs. 2 and 3 the variations
of pressure, density, translational-rotational tempera-
ture and vibrational temperature along the stagnation
stream line are shown against the nondimensional
distance from the center of the cylinder. The position of
r = 0.5 represents the surface. The solid lines show the
results for K = 1.0 and the broken line for K = 10™4
when the vibrational degree is frozen. In Table 2, the
temperature gradients and the nondimensional heat
fluxes calculated by equation (30) are shown. Gen-
erally the heat fluxes at the surface depend on K and

20 Re =50 — K=\.0
Kn=264x107? -—— K=10™*
P
v,
15 0 10
e, },0)\ -v,
1.0~ ¥ {03
pO
05 L L 1 L
05 10 15 20 25 30

r

F1a. 3. Profiles of radial velocity, pressure and density along
the stagnation stream line for equilibrium case.
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50

Re =50
—~ Kn=2.64 x10°2
~,

—K=10
—~—K=10"

05 1.0 5 20 25 30

Fi1G. 4. Temperature profiles along the stagnation stream line
for nonequilibrium case.

the heat flux for the vibrationally frozen case is lower
than that for the equilibrium case. However in case of
T, = T,, for smaller K the heat transferred to the
vibrational degree is small, and the heat caused by
aerodynamic heating is almost supplied to the trans-
lational and rotational degrees. Consequently, T, has
its high peak value and its gradient of T, , at the surface
is higher. On the other hand, for K being equal to
unity, the heat transferred to the vibrational degree is
large and the peak value of T,, becomes smaller and
the gradient of T, at the surface decreases. Due to the
condition that a,, » «, at the surface the gradient of
T,, is much larger than that of T, therefore the heat
flux at the surface is chiefly controlled by the gradient
of T,, and the heat flux for small K is higher than that
for large K.

(2) Nonequilibrium case. To bring about a non-
equilibrium state between the translational-rotational
temperature and the vibrational temperature, it is
assumed that a shock wave stands at r = #/D = 30
upstream of the stagnation point. The conditions
taken up in the numerical calculation for the non-
equilibrium case are also shown in Table 1 as the
examples of Nos. 3 and 4 having different values of K.
In Figs. 4 and 5 the results concerning the distributions
along the stagnation stream line are shown with K as
parameter and in Table 2 the temperature gradient

20k Re+50 — K=1.0
Kn=2.64x10°2 ——— K0
AN
i \\\ .90 Vo

15 \ e e Ly 10

3 Ml S T TTTmme— -¥,
T —
LOF 55)7_ —————————————— 05
0.8l i i ) ;
05 10 15 20 25 30

F1G. 5. Profiles of radial velocity, pressure and density along
the stagnation stream line for nonequilibrium case.
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and heat flux at the surface are listed. The heat flux
depends on the value of K and is larger for smaller K.
The difference between the heat fluxes for these values
of K is bigger in the nonequilibrium case than in the
equilibrium case. The dependence of the heat flux on K
is caused by the large temperature difference between
the translational-rotational degree and the vib-
rational degree. When a nonequilibrium of tempera-
tures exists in the free stream, the temperature
difference increases with the decrease of K as com-
pared with the equilibrium case. On the other hand, for
large K, the temperature difference decreases when
approaching the stagnation point notwithstanding the
temperature nonequilibrium in the free stream, and
the tendency is rather the same with the equilibrium
case. As described above, in the nonequilibrium case of
the free stream the temperature difference between the
translational-rotational and the vibrational degrees is
accelerated with the decrease of the value of K and
consequently the heat flux at the surface increases with
the decrease of K.

4.2 High Reynolds number cases

Discussing a flow around a cylinder of 1 mm dia
having ¥, = 280m/s, P, = 0.5atm, Re = 10% and
Kn = 132 x 107% numerical calculations were
carried on taking K as a parameter, and following the
same procedure as those used in Section 4.1. The
conditions used in the calculations are listed in Table 3.

In Figs. 6 and 7, the calculated distributions along
the stagnation stream line of pressure, density, velo-
city, translational-rotational temperature and vib-
rational temperature are shown. In Fig. 8 the extended
distributions of temperatures shown in Fig. 6, and in
Table 3 the temperature gradients and the heat fluxes
at the wall obtained from equation (30} are also
represented. In these cases the gradients of T, at the
wall are very large compared with T, and the heat flux
depends much on K. This is understood for the
following reason. In the vicinity of the surface, when
the energy transfer between translational-rotational
degrees and vibrational degree is violate but a, is much
smaller than unity, T, has a slip at the surface
notwithstanding Kn is of very small value. This is due
to the fact that heat is not transferred to the surface by
thermal conduction of vibrational temperature and
that some heat is transferred to translational and
rotational temperature and then transferred to the
surface. This results in an adiabatic condition for the
vibrational degree, even though the translational and
rotational degrees are in thermal equilibrium with the
surface, and an effect of slip condition at the surface is
appreciable even though Kn is much smaller than
unity. Thus it is found that in case of appreciable
vibrational relaxation and «, being much smaller than
unity, the effect of vibrational temperature jumps at
the surface is still remarkable and the vibrational
relaxation phenomenon gives much influence on the
temperature field even in a continuum flow.
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Table 3. Wall temperature, free stream temperatures, nondimensional numerical results temperature gradient and heat flux in
high Reynolds number case (Re = 10*)

Calculated N ~
case no. Tw (K) T(,rw (K) va (K) K (th‘rO/dr)r=0.5 (dTVO/dr)r=0‘5 Q AQ/Q
5 400 400 400 1.0 4304 7.646 x 10 3187 (Qs—0s)/0s
6 400 400 400 107* 54.78 3114 x 107% 40.31 =26.5%
40 4.3 Dependency of transferred heat on vibrational
- Re =10* —K=10 relaxation
T.r LN Kn =132x10™ -~ K=10"

F1G. 6. Temperature profiles along the stagnation stream line
for high Reynolds number case.

20
Re =10* — K]0
P Kn=1.32x10 ~——K=10"*
[
A PR\, A
N
A 4 10
pO VO
-vo
[Ke] o8
—o5
05 | ) | | i
05 1.0 1.5 20 25 30 35

FiG. 7. Profiles of radial velocity, pressure and density along
the stagnation stream line for high Reynolds number case.

Re =104
Kn=132xI10"%

—K=10

——-K=10"¢
40

i !
052

Il [
053 054

r

055

F1G. 8. Coordinate extended profile of temperatures shown
in Fig. 6.

Figure 9 shows dependency of heat transferred to
the surface at the stagnation point on K by taking the
value for K = 10 * as unity. The solid line shows the
result for Re = 50 and the broken line for Re = 10%. In
the both cases, the transferred heat is the minimum
when K is of about unity. In the analysis for these
results T, is taken equal to T, and the heat transfer-
red to the surface is originally caused by aerodynamic
heating, and subsequently by the energy transfer
between the internal degrees of molecules. The thermal
energy brought about by aerodynamic heating is
supplied to the translational-rotational degrees and
then partly transferred to the vibrational degree from
the former degrees. The energy transferred to the
translational-rotational degrees is finally transferred
to the surface, while most of the energy introduced to
the vibrational degree is transferred to the surface
through the translational-rotational degrees as is
described in the previous section. Consequently for
small K, that is the almost frozen case, the heat caused
by aerodynamic heating is transferred effectively to the
surface, because most of it is directly transferred to the
translational-rotational degrees. On the other hand,
for large K, that is in the nearly equilibrium case,
transfer of heat caused by acrodynamic heating is also
remarkable, because the heat transferred to the vib-
rational degree is mostly transferred to the
translational-rotational degrees before gas particles
reach the surface and most of the energy is transferred

| Qe e, = 3
5 ﬁ\ =TT T T T T
N, 0.0
e
Tt - 1
E L 4
o | 4
~
o5l |
» —e— Re=50 7
i ---— Re =10 A
o ! 1 I ! . 1 .
04 103 02 ot | 10 102 103 0%

K

FiG. 9. Dependency of transferred heat at the stagnation
point on K, when taking the value for K = 10~* as unity.
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to the surface through the latter degrees.

When K is about a unity, only a portion of energy
transferred to the vibrational degree is transferred to
the translational-rotational degrees and a finite en-
ergy is contained in the vibrational degree of molecule
when the gas particles collide with the surface. This is
seenas (T, — T,),=0.s 18 large and heat transferred to
the surface is small for K being of about unity.

In this paper most of numerical calculations were
done for T,, = T, to make clear the mechanism of
energy transfer between internal degrees of molecule.
In case of T,, < T,, where heat transferred to the
surface is much influenced by the temperature
difference between the wall and the gas, dependency of
the transferred heat on K is expected to be different
from the case of T, = T,. For small K, heat
transferred to the surface is small, because the energy
in the vibrational degree is hardly transferred to the
translational-rotational degrees, because gas particles
of multi-atomic molecule having much energy in the
vibrational degree collide with the surface without
giving a remarkable contribution of vibrational energy
to heat flux at the surface due to small «,. On the other
hand, for large K, heat transferred to the surface
is large, because the energy contained in the vibra-
tional degree is mostly transferred to the
translational-rotational degrees before gas particles
collide with the surface, and is transferred to the
surface through the translational-rotational degrees.
Therefore, heat transferred to the surface is expected to
increase with the value of K. This dependency of
transferred heat on K is different from that for T, =
T, which is shown in Fig. 9. This discussion should be
investigated by experiments in future.

5. CONCLUSIONS

The effects of vibrational relaxation of multi-atomic
gases of subsonic flow on heat transfer in the vicinity of

Y. Morl, N. HIMENO, K. HuikaTA and T. MivaucHl

the stagnation of a cylinder have been studied and the
following conclusions have been obtained.

(1) The total heat transferred to the surface is the sum
of heats due to the translational-rotational tempera-
ture and the vibrational temperature. In case of «,
being much smaller than unity, the transferred heat
from the vibrational degree is mostly through the
translational-rotational degrees. Consequently the
ratio of the heats depends much on the ratio of the flow
characteristic time to the relaxation time of molecule,
and the total heat is much influenced by this ratio of
the characteristic times.

(2) In the case of the temperature nonequilibrium in
the free stream, the dependence of heat flux on the
ratio of the flow to the vibrational relaxation time is
more remarkable than in the equilibrium case.

(3) Even in a flow region of Kn being about 10~*
which is considered as continuum, the effect of vib-
rational relaxation on transferred heat is appreciable
under condition of &, being much smaller than unity.

REFERENCES

1. J. D. Lambert, Vibrational and Rotational Relaxation in
Gases. Clarendon Press, Oxford (1977).

2. A. C. Jain and V. Adimurthy, Hypersonic merged
stagnation shock layers, AIAA JI 12, 342-345 (1974).

3. H. C. Kao, Hypersonic viscous flow near the stagnation
streamline of a blunt body; Part I: A test of local
similarity, Part II: Third-order boundary-layer theory
and comparison with other methods, AIAA JI 2,
1892-1906 (1964).

4. H. Tong, Effects of dissociation energy and vibrational
relaxation on heat transfer, ATAA J! 4, 14-18 (1966).

5. B. S. Schubert, Vibrational nonequilibrium stagnation
shock layers at hypersonic speed and low Reynolds
number, Int. J. Heat Mass Transfer 21, 1041-1048
(1978).

LES EFFETS DE LA RELAXATION VIBRATIONNELLE DES MOLECULES
MULTIATOMIQUES SUR LE TRANSFERT THERMIQUE AU POINT D’ARRET

Résumé—On étudie théoriquement I'écoulement et le champ de température d’'un gaz multiatomique prés
du point d’arrét d’un cylindre, en tenant compte de la relaxation de vibration des molécules et en mettant
'accent sur le transfert thermique. A partir des équations du milieu continu, les sauts de vitesse et de
température sont considérés avec les conditions aux limites et les effets de la relaxation vibrationnelle sur
I'écoulement subsonique sont discutés. Le flux de chaleur total transféré d la surface est la somme des chaleurs
dues & la température de translation—rotation et a la température de vibration. Le rapport de ces chaleurs
dépend beaucoup du rapport du temps caractéristique de ’écoulement au temps de relaxation moléculaire et
il en est de méme pour le flux total. L'effet du temps de relaxation sur le transfert thermique est plus
remarquable dans le cas de ’équilibre que dans celui du déséquilibre vibrationnel. Méme pour un écoulement
continu 2 nombre de Knudsen d’environ 10~ %, Peffet de 1a relaxation vibrationnelle sur le transfert thermique
est encore appréciable.



Vibrational relaxation effects on heat transfer

EINFLUSSE DER VIBRATIONSRELAXATION VON VIEL-ATOMIGEN
MOLEKULEN AUF DEN WARMEUBERGANG AM STAUPUNKT

Zusammenfassung—Es wird das Geschwindigkeits- und Temperaturfeld eines viel-atomigen Gases in der
Nihe des Stagnationsbereichs eines Zylinders theoretisch untersucht unter Beriicksichtigung molekularer
Vibrationsrelaxation wobei besonderer Wert auf Warmeiibergangsvorginge gelegt wird. Aufgrund der
Erhaltungssétze werden die Geschwindigkeits- und Temperaturspriinge der Translations- Rotations- und
Vibrations- freiheitsgrade betrachtet, wiahrend die Randbedingungen und Einfliisse der Vibrationsrelaxation
fiir Unterschallstrémung diskutiert werden. Die gesamte an die Oberfliche iibertragene Wirme ergibt sich
als die Summe der Warmen aus Translations- Rotations-Temperatur und Vibrations-temperatur. Das
Verhiltnis der Wirmen héngt stark ab vom Verhdltnis der Zeit der Stromungscharakteristik zur
Relaxationszeit der Molekiile und damit ist die Gesamtwarme stark beeinflut durch dieses Verhdltnis von
charakteristischen Zeiten. Der EinfluBl der Strdmungsrelaxations- zeit auf den Wirmeiibergang ist im
thermischen Gleichgewicht ausgepragter als im Nichtgleichgewicht des Vibrationshauptstromes. Selbst im
Continuumstrom bei Knudsen-Zahlen von ungefihr 104 ist der Effekt der Vibrations-Relaxation auf den
Wirmeiibergang im Stagnationsbereich noch merklich.

BJIUSIHUE KOJIEBATEJbLHOW PEJIJAKCALIUKM MHOTOATOMHBIX MOJIEKYJ
HA TEIUIONEPEHOC B KPUTHYECKOW TOYKE

Aunnoraumss — [IpoBeaeHo TeopeTHYECKOE HCCEIOBAHHE THAPOJHHAMHYECKOTO H TEMIEPATypHOTO
noje# MHOTOATOMHOTO ra3a B OOJIACTH XPHUTHHYECKOH TOYKH LHJIHHAPA C YYETOM KosebaTesibHOMH
penakcauuu Monekyn. Ocoboe BHAMaHHE OOpalllcHO HAa XapaKTepHCTHKH Temioobmena. C momouibio
YPaBHEHHH HePa3PbIBHOCTH ONpENessUTHC MTHOBEHHbIE H3MEHEHHS CKOPOCTH H TeMIepaTyphl NOCTY-
naTesbHbIX, BPAIIATENbHBIX H KoJebaTeJbHbIX CTeneHeid cBODOIbI C y4eTOM IPaHHMYHBIX YCIOBHH H
3hpdexToB KonebGaTeNbHON peslaKCaLHH NMPH N03BYKOBOM TeueHHH. OOlllee KONMHYECTBO Terla, MOIJo-
IIICHHOTO MOBEPXHOCTBIO, COCTONT M3 CYMMBI TEMJIOBBIX MOTOKOB, BHI3BAHHBIX MOCTYNaTeNbHO-Bpallia-
TesIbHOM H KonebatenbHoit TemnepatypamMu. X COOTHOUIEHHE CHIBHO 3aBHCHT OT OTHOLUCHHSA Xapak-
TEPHCTHYECKOTO BPEMEHH NOTOKA K BPEMEHH peJlaKCallid MOJEKYJ, a, CJIEJOBAaTeNbHO, CYMMapHBIH
TEIIOBOM NOTOK K [TOBEPXHOCTH CHJIBHO 3aBUCHT OT OTHOLUEHHS XapaKTEPHCTUYECKHX BpeMeH. Briusanne
BPEMEHH PENaKCalMK NOTOKA Ha TernonepeHoc Oosiblile NPOABNSETCA NPH HAJIHYHH TEIIOBOTO PaBHO-
BECHst OCHOBHOIO TOTOKA, Y€M NpH KoJiebaTeIbHO HEPABHOBECHOM TeueHHH. BrnusHue xosnebatenbHoM
penakcallii Ha TerioobMeH B KPHTHHYECKOH TOYKE IOBOJILHO 3aMETHO JaXe B MOTOKE C YHCIOM
KHy/iceHa, paBHOM npumepHo 1074,
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