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Fig. 3 Transition Reynolds number variation with local
edge Mach number.

presented here with the compilation of data presented in Ref.
1 is given in Fig. 3, which depicts the variation of transition
Reynolds number with local Mach number. The collection
of data from Ref. 1 is for sharp-nose configurations having
adiabatic-wall conditions. Cold-wall data of Stetson6 and
Zakkay,7 also presented, form the basis of the assumed cold-
wall trend depicted. The data obtained in the present in-
vestigation together with those of Refs. 6 and 7 corroborate
the assumption that the transition Reynolds numbers in-
crease with increasing edge Mach numbers.

Conclusions

On the basis of the data presented here, it can be concluded
that transition reversal does not occur in the range of wall-to-
stagnation temperature ratios of 0.075 < TW/T0 < 0.365
and over the range of bluntnesses of 0.0 < rN/rB < 0.0572
on a 5° semi-vertex-angle cone tested at a Mach number of
10. Of further interest are the significant effects of small
amounts of nose bluntness on the observed transition Rey-
nolds numbers, lengths of the transition regions, the insensi-
tivity of transition Reynolds number to the variation of the
wall-to-stagnation temperature ratio, and the apparent in-
crease of transition Reynolds numbers with increasing edge
Mach numbers.
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Nuclear Heating and Propellant
Stratification

EDWARD E. DUKE*
Aerojet-General Corporation, Sacramento, Calif.

Introduction

IN order to obtain maximum vehicle performance for a
nuclear system employing liquid hydrogen [H2(7)], the

vehicle must be designed to obtain optimized propellant
utilization while minimizing system weight. A major problem
encountered in this endeavor is caused by propellant heating.

Propellant heating has the undesirable effect of raising the
temperature of the liquid to a value that is no longer ac-
ceptable for adequate main feed pump operation. To insure
proper propellant utilization and to prevent pump cavitation,
the propellant temperature distribution during pump opera-
tion must be accurately predicted.

The determination of the temperature history of the pro-
pellant leaving a nuclear vehicle tank involves many influenc-
ing variables. The problem is that of determining the flow
field in the tank and the effect of mixing caused by density
variations within the liquid. Recent experimental evidence
indicates that bulk heating is an important effect in small
tanks since the stratified layer in the conical section ap-
parently mixes quite profusely.1 For larger tanks, however,
nuclear heating may contribute as much as 5-10% to the
total increased heat content of a stratified layer.2*3 Com-
parative information is based on severely simplified analytical
models and inadequate test results.2-4 This note suggests one
method of analyzing stratification caused by nuclear bottom
heating in large tanks and compares the results to bulk and
inversion point calculations.

The system analyzed (see Fig. 1) is a closed cylindrical-cone-
bottomed tank accelerating along its longitudinal axis and
filled with liquid to some height. This liquid is subjected to a
time- and position-varying group of heat fluxes, qt = ullage,
q = wall, and gup = nuclear. The ullage temperature is above
the saturation pressure corresponding to the liquid surface
temperature. Wall-heat flux to the ullage is considered to be
negligible, the ullage pressure being maintained by automatic
control valving.

An approximate stratification solution is obtained by assum-
ing a temperature profile in the stratified layer, the growth of
which is determined by the evaluation of each of the three in-
dependent heat fluxes. The calculations follow those out-
lined in Ref. 5 with the inclusion of gup in q.

Bottom Gravitational Convection (qup)

The turbulent gravitational convection mechanism ap-
pears to be one means of describing the upward flow of liquid
from a tank heated by nuclear deposition within the bottom
bulk. For a unified treatment of all kinds of convection which
can take place in a gravitational field, the excess temperature
must be replaced by the equivalent deficiency of density
under that of the surroundings. But the sole relevant effect
of a deficiency of density is to create a buoyancy force. The
strength of a source of heat in a region of fluid is measured by
the total heat output to the neighboring fluid in unit time.
Similarly, the strength of a source of buoyancy is the total rate
of release of buoyance to the nearby fluid. In the present
analysis, each segment of tank bottom is viewed as a possible
source of upward mass and energy flow. Boundary segment
movement alters the conditions within neighboring segments.
Through a balancing and summation routine, the warm
mass that moves upward and joins the side-wall boundary
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layer is calculated. Equations pertinent to individual inter-
nal heated segments for flux of buoyancy per second F0, grav-
ity variable G, and density gradient dpi/ dz are

1/2 (1)
where pi, p, and 7 are reference density, segment density, and
entrainment constant, respectively, whereas/is a transforma-
tion value that varies with segment height 2, and

G = gz/pi dpi/dz where dpi/dz = (pi — p)/z (2)

The velocity of the segment mass is derived from the
boundary conditions set at the source and the physical con-
ditions of Fo and G, these determining the scale of motion6

where v2/w is a transformation varying with z. Experimen-
tally, y,fjVj and w have never been evaluated in H2(Z). Data
from Ref. 6 are thus used most appropriately at this time. It
follows therefore that the heat rate, if upward, as determined
by Eqs. (1) and (2) and 7down, is then

4uP = (7UP - Vdown)Pl(Tsegncw - TseSold)CP (4)

With propellant flow in the downward direction, Eq. (4) will
hold only if FUP > VdoWn. In order for this relationship to
suffice, it can be seen from the equations that F0[/(heat in)]
must be large, Vdown small, or a combination of the two. For a
tank shape as shown in Fig. 1 and nuclear heat distribution
as discussed in Ref. 4 (decreasing with tank height but with
higher rates at walls than in interior), it can be expected that
upward flow can initiate most easily along the slanted wall at
some height z where wall and nuclear heat flux are large and
downward velocity is small. This "initiation" point can be
compared to Vliet's "inversion" point concept based on dif-
fering arguments.

Inversion Point Convection

The location of the inversion point is determined by the
shape of the bottom, the liquid out-flow rate, and the heating
and acceleration environments. Above the inversion point,
the dominant buoyant forces cause the boundary layer to flow
upward, and below the inversion point, the dominant pressure
forces cause the boundary layer to flow downward. The
temperature of all adjacent layers above and at the inversion
point is examined for negative temperature gradients, and
these temperatures are equalized with energy being conserved,
each layer retaining its original mass. Vliet's assumption is
that unstable inversion cannot be permitted, and upward flow
within the boundary layer must take place even though the
present concept admits the existence of the inversion (with
heat from the wall to segments beyond) and utilizes this in-
version to drive the heated liquid upward. Photographs have
been unsatisfactory in determining which, if any, mechanism
persists.5-7 The inversion point equation is

( frp 0 4X0.148 / 1 \0.407

^) (7). W°-
/_J_\°-148 ( (dR/dx)
\9* QVall/ [1 - (dz/dx)}^1 (dz/dx) J.148 | (5)

where w and x are mass flow rate and slant height, respec-
tively, and g* is the number of standard gravities.

Comparisons

References 2 and 4 describe an experimental arrangement
designed to simulate the radiation source and the H2(0 pro-
pellant-tank geometry of a typical nuclear rocket system.
The Aerospace Systems Test (AST) Reactor was utilized
as the source of nuclear radiation with a 125-gal H2© tank
in use. Experimental run 16A-1101 operating at 1.065-Mw
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Fig. 1 Stratification flow model.

thermal power with an average flow rate of 10.4 gal/min is
investigated analytically for inversion and initiation points.
Heat generation along x from the tank bottom to the top of
the cone experimentally ranged from 300-22 Btu/ft3-hr,
whereas wall heat flux was calculated as 12.25 Btu/hr-ft2.
These data were used to evaluate both the initiation point
and the inversion point, the results being: 1) initiation point
[Eqs. (1-4)] from bottom - 0.582 ft, 2) inversion point [Eq.
(5)] from bottom = 0.390 ft, and 3) depth of tank bottom
cone = 1.630 ft. The comparison is good when differences
of approach and uncertainty in empirical constants are con-
sidered. No experimental data are as yet available for note-
worthy comparison or verification.

Calculation of the stratified layer in the cylindrical tank
portion for two models by the method described in the Intro-
duction (run 16A-110) has been made and the results are
shown in Fig. 2. The stratified-layer temperature distribu-
tion was evaluated first with bulk bottom mixing and then
with the more realistic nuclear bottom heating with segment
initiation upward flow. A comparison of the results shows a
significant difference, but the exact nature of the difference
depends upon the evaluation of the empirical constants pre-
viously discussed.

Conclusions

An approximate analysis of the transient stratification of a
closed fluid container that is subject to wall, ullage, and

NUCLEAR BOTTOM INITIATION CONCEPT

Fig 2 Comparison of bottom bulk and nuclear initiation
stratification 85 sec after run start.
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nuclear heating has been discussed. The results rely upon the
assumptions of continuous temperature profile build-up in the
stratified layer, nuclear heating effects described by a gravi-
tational-free convection mechanism, and the separability of
the various heat-transfer sources. The method of gravita-
tional-free convection (initiation concept) has been proposed
as an alternate solution to inversion point boundary-layer
flow. The preliminary comparison is good. In addition,
temperature stratification using nuclear-heated, gravitational-
free flow indicates that the higher discharge temperatures
from such a system for large tanks may be approximated by
the method proposed. However, continued conscientious
efforts, experimentally and analytically, in the development of
the stratified growth, radiation-excitation storage, and turbu-
lent nuclear heat mechanisms are needed.
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Stagnation-Point Velocity Distribution
for a Compressible Fluid
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Nomenclature f
a, b} cn, dn — const
70 = zero-order modified Bessel function of the first kind
KQ = zero-order modified Bessel function of the second

kind
M = Mach number at reference point
r = radial coordinate
Rn = finite cosine transform defined by Eqs. (9-11)
Vr = radial velocity
Vz = axial velocity
z = axial coordinate
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t Cylindrical coordinates are used with the origin at the stagna-
tion point and the z axis normal to the surface. An upstream
point on the z axis at which the velocity is known is taken as a
reference point. Coordinates r and z are normalized on the dis-
tance from the reference point to the stagnation point. Velocities
Vr and Vz are normalized on the fluid velocity at the reference
point.

0
0o, 0i, 02

defined by Eq. (25)
defined by Eq. (26)
ratio of specific heat at constant pressure to that at

constant volume
velocity potential t
zero, first, second perturbation to the velocity po-

tential [Eq. (5)] I

POTENTIAL flow solutions' are prerequisite to boundary-
layer calculations. For the case of a fluid stream im-

pinging on a wall at right angles and flowing away radially, no
velocity distribution, taking into account compressibility
effects, appears to be available in the literature. It is the
purpose of this note to present a solution for subsonic flows.
The result, found by carrying the Rayleigh-Janzen method1

to the second perturbation , is

Vr = 16
27 + 1

16
7 -

F, = -z + M2(l - 22) - +
O

30

~ (237

- 2 J U (1)

57) ~

?! _ I1 _
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This was obtained by the following procedure.
From the hydrodynamic equations describing potential

flow an expression may be found for the velocity potential </>
in the form [Ref. 1, p. 291, Eq. (9.46)]

with boundary conditions
<t>z = — 1 at z = 1

$z = o at z = 0

(3)

(4)

and the requirements that 0r be finite at r = 0 and well be-
haved for large values of r. Following the Rayleigh-Janzen
method, we take 0 to be a power series in M2

00 + M201 + ^V2 + - • • (5)

By substituting Eq. (5) into Eq. (3), and equating coefficients
of like powers of M,

(l/r)(r0or)r + <Ao« = 0 (6)

(l/r)(r0lr)r + 0l,2 = 00rVorr + <fe200zz + 2</>0r<£02</>Or* (7)

[(7 - (8)

These equations are solved seriatim by application of the
finite cosine transform on z

F(r, z) = YJ ^»M cos(r&7T2)
n = 0

F(r, z)dz

(9)

(10)

t Subscripts r and z on 0, 00, 0i, 02 are used to indicate dif-
ferentiation.


