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Introduction

T HE problem of heat transfer from a gas stream to a bed
consisting of chunks of solid materials has been addressed

by chemical engineers.1 Their results have been used in the
design of storage heaters for intermittent hypersonic wind tun-
nels.2 Some of the earliest storage heaters consisted of beds of
round pebbles in a thermally insulated pressure vessel. The
pebbles were preheated to some desired temperature, usually
by a hot gas such as combustion products.

Later storage heaters used as a heat source cored bricks that,
when stacked, presented a cluster of cylindrical passages
through which the gas to be heated, usually air, � owed. The
advantage of cored bricks is their rigidity as compared with
the motion of pebbles relative to each other as they are heated
and cooled down, or simply disturbed by the passage of air
through them. The rubbing of the pebbles results in spalling,
which adds unwanted impurities to the air. Thus, cored bricks
provide a cleaner heat source.

While analyses exist for the calculation of the temperature–

time history of a gas passing through a porous medium,3 or a
bed of broken solids1 applicable to a pebble bed, no report was
found in the open literature for a cored brick heater. The gen-
eral heat transfer equations are similar for the two types of
heater, so that the numerical results of these earlier studies can
be directly applied to the cored brick by using the appropriate
variables given in the present analysis, an abbreviated version
of Ref. 4.

Heater Transfer from Solid to Gas
Heater Con� guration

The heater consists of layers of cored bricks inside a ther-
mally insulated pressure vessel. These layers are aligned so
that, in cross section, there are rows of holes in the form of
circular cylinders extending from one end of the heater to the
other, through which the gas to be heated will pass. The po-
rosity h is the ratio of the area represented by the holes, to
the cross-sectional area of the heat storage bed A. Thus, the
cross-sectional area of solid would be A(1 2 h) and that of
the holes would be Ah.

Assumptions

Several simplifying assumptions are made, some of which
are in conformity with the earlier studies, as follows:
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1) The holes are so densely spaced and the brick material
has such a high thermal diffusivity that the brick temperature
is uniform at each cross section.

2) The transfer of heat in the brick or gas is negligible com-
pared with the transfer of heat from the brick to the gas.

3) The rate of heat transfer from solid to gas at any point is
proportional to the temperature difference between solid and
gas at that point.

4) The thermal properties of the gas are constant, indepen-
dent of temperature.

5) The pressure drop of the gas across the heater is negli-
gible.

6) The � ow of gas in the holes is assumed to be well sub-
sonic so that an incompressible � ow analysis can be used.

7) Reynolds number variations across the heater are ne-
glected.

Pipe Flow

The geometry is such that the heat transfer relations for the
gas can be obtained from classical pipe � ow. The rate of heat
transfer per unit area at the interface from solid to gas is given
by

q = StrUc (u 2 T ) (1)0 p

where St is the Stanton number or heat transfer coef� cient, r
is the density of the gas, U is the average velocity of the � ow
in the pipe, cp is the speci� c heat of the gas at constant pres-
sure, u = u(x, t) is the temperature of the solid, and T = T(x, t)
is the temperature of the gas, where x is the axial distance
from the inlet of the cored brick bed, and t is the time from
the moment gas enters the bed. For most cases of interest, � ow
in the hole (pipe) is turbulent as Reynolds numbers based on
pipe diameter are considerably larger than the critical value of
about 2.3 3 103, given by Schlichting.5 From Reynolds anal-
ogy, the St is related to the skin friction coef� cient for turbu-
lent � ow as follows:

2/3St = C /(2Pr ) (2)f

where Pr is the Prandtl number
For air at standard temperature, Pr = 0.73. We will take this

value in Eq. (2), yielding

St = 0.62C (3)f

For incompressible turbulent pipe � ow, Schlichting5 gives
the following relations for the skin friction coef� cient:

2 1/4 5C = 0.0791Re Re < 10 (4a)f d d

2 1/2 1/2 5C = 4 log (Re C ) 2 0.396 Re > 10 (4b)f 10 d f d

where d is the diameter of the pipe, and Red is the Reynolds
number based on pipe diameter (Red = rUd/m).

For cases in which Red is less than 105, Eqs. (3) and (4a)
give the simple result for the St:

2 1/4St = 0.049Re (5)d
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Fig. 1 Temperature – time history of solid for values of Y from 0
to 10 (Ref. 3).

Fig. 2 Temperature – time history of gas for values of Y from 1
to 10 (Ref. 3).

The values of C f obtained by Eqs. (4a) and (4b) differ by
less than 20% at Re as high as 106, so that one can consider
using this much simpler formula for a preliminary design, even
for values of Red well in excess of 105.

Heat Flow Analysis

The rate of heat � ow from solid to gas per unit depth of a
hole is given by [see Eq. (1)]

pdq = StpdrUc (u 2 T ) (6)0 p

This represents the rate of heat given up by the solid in the
neighborhood of a hole. Since the cross-sectional area of a
hole is p/4d2, and the porosity is h, referring to the Heater
Con� guration section, the cross section of solid giving up heat
to a single hole is p/4d2(1 2 h)/h. Thus, the rate of heat per
unit depth given up by the solid at a particular location x and
time t, is

p (1 2 h) du2d r c = StpdrUc (T 2 u)b b p
4 h dt

or

du h
= 4StrUc (T 2 u) (7)p

dt [d(1 2 h)r c ]b b

where rb is the density of the solid, and cb is its speci� c heat.
Now, the mass � ow of gas is

mÇ = AhrU (8)

Since mÇ is constant during an operation, it follows that rU
is constant. St is also assumed constant as Re variations are
neglected. Thus, Eq. (7) can be written as

du
= K (T 2 u) (9)b

dt

where the constant Kb = 4St mÇ cp/[dA(1 2 h)rbcb].
The heat per unit depth absorbed by the gas in a given hole

as it passes a particular location x at time t, is

p DT2d rc = StpdrUc (u 2 T )p p
4 Dt

or

DT dT dT U
= 1 U = 4St (u 2 T ) (10)

Dt dt dx d

The � rst term on the left-hand side (LHS), the local rate of
heat addition caused by the unsteadiness of the � ow, is small
compared with the second term, the rate of heat addition
caused by convection or displacement of the � ow in the tube.
Hence, the � rst term on the LHS will be neglected, reducing
Eq. (10) to

dT
= K (u 2 T ) (11)g

dx

where the constant Kg = 4St /d. In these equations it is con-
venient to use Eq. (5) for St.

References 1 and 3 introduce the nondimensional variables
Y and Z (In Ref. 3 the variable is given as Z = Kb(t 2 x/U );
however, as noted in Ref. 1, for gas � ows t >> x/U, and so

the latter term may be neglected.) For the present case, the Y
and Z variables have the values

Y = K x Z = K t (12)g b

They present solutions to Eqs. (9) and (11) in the form of
graphs that give the ratio of solid Ts and gas Tg temperatures
to the initial gas temperature T0 as functions of Y and Z. In
the cases they consider, a hot gas moves through a cold bed
of solid particles. In the present case, a cold gas moves through
a hot bed of solid material. Their results are related to the
present case as follows.2

If Tin is the inlet temperature of the gas, and u0 is the initial
temperature of the cored brick bed, then

(T 2 T )/(u 2 T ) = 1 2 T /T (Y, Z ) (13a)in 0 in g 0

(u 2 T )/(u 2 T ) = 1 2 T /T (Y, Z ) (13b)in 0 in s 0

Tg/T0 and Ts/T0 are functions that involve in� nite series of
modi� ed Bessel functions of the � rst kind. Numerical values
of Tg/T0 and Ts/T0 are given in Ref. 3 for values of Y and Z
from 0 to 10 (shown graphically in Figs. 1 and 2), and in Ref.
1 for values of Y and Z up to 500.

In summary, the present analysis enables one to use the
numerical values of Refs. 1 and 3 by providing the variables
appropriate to a cored brick storage heater.

References
1Furnas, C. C., ‘‘Heat Transfer from a Gas Stream to a Bed of

Broken Solids,’’ Transactions of the American Institute of Chemical
Engineers, Vol. 24, 1930, pp. 142 – 193.

2Korkegi, R. H., Kubota, T., and Mickey, F. E., ‘‘Survey and Anal-
ysis of Hypersonic Testing,’’ Univ. of Southern California, Rept. 62-
101, Los Angeles, CA, Oct. 1957.



802 J. PROPULSION, VOL. 13, NO. 6: TECHNICAL NOTES

Fig. 1 Axisymmetric projectile for use in the UW facility, two-
dimensional projectile for use in the HU facility, and Q2D projec-
tile for use in the UW facility.
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Introduction

T HE ram accelerator is a novel launcher concept that ac-
celerates a supersonic projectile in a tube � lled with com-

bustible gas.1,2 Shock waves around the projectile ignite the
gas, and combustion supports a high-pressure region on the
base of the projectile. Several propulsive modes have been
proposed and investigated experimentally, theoretically, and
numerically. Most experimental work to date has been done
on the thermally choked mode, where the projectile is below
the Chapman– Jouguet (CJ) detonation speed of the mixture.3

In prior experiments, most projectiles were designed with a
nose cone attached to a truncated conical base. Figure 1 shows
a typical projectile used in the University of Washington (UW)
ram accelerator facility. The � ns are required to center the
projectile as it travels down the tube. Other ram accelerator
facilities have used rails on the tube wall to guide an axisym-
metric projectile.4 The � ns and rails obscure the � ow� eld
around the projectile, making optical and spectroscopic diag-
nostics dif� cult. Visualization techniques are further compli-
cated by the curved tube wall.

A two-dimensional ram accelerator without � ns or rails ob-
structing the � ow over the projectile would greatly assist in-
vestigation of the complex � ow� eld, as well as simplify the
geometry for computational modeling. This has motivated the
construction of a two-dimensional ram accelerator with a rec-
tangular bore at Hiroshima University (HU) in Japan.5 The
projectile and tube cross section of this facility are shown in
Fig. 1 (not to scale). Lacking � ns, the projectile is guided by
rails on the tube wall, allowing pure two-dimensional � ow
over the projectile. Windows on the tube side walls provide
convenient access for � ow visualization.

The feasibility of ram acceleration in a two-dimensional ge-
ometry is the subject of this Note. A quasi-two-dimensional
(Q2D) projectile was designed that can be used in a conven-
tional ram accelerator with a circular cross section (Fig. 1).
This paper reports the results of experiments using this Q2D
projectile in the UW ram accelerator.
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Experimental Facility and Procedure
The facility used in these experiments is the 38-mm bore,

16-m-long ram accelerator at the UW. A helium gas gun
launches the projectile into the test section at supersonic ve-
locity. The combustible gas mixture is contained in the test
section by diaphragms at each end. Electromagnetic sensors,
for tracking a magnet carried onboard the projectile, and pres-
sure transducers, for monitoring wave activity at the tube wall,
are mounted at 40-cm intervals along the test section.

The Q2D projectile shown in Fig. 1 was fabricated from
aluminum alloy. The throat to tube area ratio is 0.4. Holes
through the projectile are used to reduce the mass to 87.6 g.
The curved extensions on the rear half of the projectile contact
half the circumference of the tube and act to stabilize the pro-
jectile. The projectile was launched from the helium gas gun
with a conventional perforated polycarbonate obturator.6 The
obturator required reinforcement with a 1.7-mm perforated
aluminum alloy face plate to prevent it from breaking on the
base of the Q2D projectile when accelerated by the gas gun.

Experimental Results and Discussions
Diffuser Starting in Inert Gas

As a preliminary experiment, the Q2D projectile shown in
Fig. 1 was � red into the test section � lled with pure nitrogen
at 25 atm to evaluate the diffuser performance. The result is
shown in Fig. 2. The entrance velocity was 1180 m/s, equiv-
alent to a Mach number of M = 3.3 in nitrogen. The diffuser
properly started, meaning supersonic � ow was established past
the projectile throat. Because of friction and aerodynamic drag,
the projectile gradually decelerated in the � rst 8 m of the test
section. At this point, when the projectile velocity had de-
creased to 910 m/s (M = 2.6), the � ow around the projectile


