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Effect of Wall on Impulse of Solid Propellant Driven
Millimeter-Scale Thrusters

H. Mirels*
The Aerospace Corporation, El Segundo, California 90245-4691

An analytic model is presented for evaluating the decrement in impulse due to wall effects in millimeter-scale
solid propellant driven thrusters. The model assumes a thin flame sheet moving with constant velocity along the
thruster axis. Both frontend ignition (FEI) and backend ignition (BEI) are considered. The decrement in impulse
due to plenum heat loss and the nozzle wall boundary layer is evaluated as a function of thruster geometric scale r
and a flame speed parameter V; =1,/t;, where ¢, and #, are characteristic times for steady-state flame propagation
and for pulsed flow operation, respectively. For the case of deflagration waves (V; << 1), the plenum heat loss in
BEI devices and the nozzle boundary layer loss in FEI devices vary as (rVy)~ 12, Thus, relatively large flame speeds
are needed in millimeter-scale thrusters to avoid significant impulse loss. In a numerical example, three out of six
prospective high flame speed propellants had losses of about 10% or less. Hence, millimeter-scale thrusters appear
viable with regard to wall loss. However, experimental confirmation of fabrication techniques, ignition techniques,

and propellant performance is needed.

Nomenclature

=area
= speed of sound
= function of y; Eq. (5)
= constant relating to heat transfer; Eq. (31)
= enthalpy loss correction to impulse; Eq. (26)
= exit Mach number correction to impulse; Eq. (24)
= specific heats
= energy released by flame sheet
= thrust
= plenum heat transfer correction to account for
V; unequal to 0o; Egs. (40) and (41)
= Mach number dependence of 6,; Eq. (29b)
= enthalpy
= impulse
= impulse generated by pulsed flow through nozzle
= impulse generated by steady-state flow through nozzle
thermal conductivity
plenum length
= Mach number
=exponent p ~ T k~ T
Prandtl number, pc,/k
pressure
= maximum plenum pressure
= net heat loss; Eq. (37)
= heat flux at wall
=radius
= length along nozzle surface
= temperature
= mean temperature
= time
= characteristicpulse time; Eq. (4)
= flame steady-state propagationtime, L./v;
= velocity
= plenum volume
= flame speed parameter; Eq. (6a)
= maximum value of V,
= flame speed
= wall thickness
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= axial distance
= thermal diffusivity,k/pc,
= ratio of specific heat, ¢, /c,
= thermal-layer thickness
= boundary-layermomentum defect thickness
= viscosity
= density
f = initial propellant density
= elapsed time at given station
= wall temperature increase parameters
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Subscripts

= plenum geometry

= exit section

= flame sheet or solid propellant fuel property
= gas property

= evaluated at mean temperature, 7,,

= throat section

= wall property

= plenum gas condition
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Introduction

HE feasibility of small-scale, for example, ~1-kg net mass,

satellites is currently under study.! These satellites require
millimeter-scalethrusters for attitude control. Potential thrustersys-
tems include electrical, cold gas, or an array of small-scale solid
propellant driven rockets.

In the case of millimeter-scale solid propellant driven thrusters,
the ratio of surface area to volume is large. Hence, unlike con-
ventional rockets, plenum heat transfer and nozzle boundary-layer
growth can severely degrade thrusterimpulse. The successfuldevel-
opment of an efficient millimeter-scale thruster requires an under-
standing of the dependence of this impulse degradation on thruster
geometry and flame speed parameters. The present study is a first
attempt to define this relationship. A simple analytic model is devel-
oped that characterizesthe impulse loss associated with wall effects
in small-scale thrusters for cases where the boundary layers are thin
but not negligible.

The present analytic study is part of a general program to de-
velop solid propellant driven millimeter-scale thrusters? Initial re-
sults relating to fabrication, ignition, and impulse measurement are
reported in Ref. 3 and are briefly discussed here in the “Concluding
Remarks.”
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Theory

We consider a solid propellant driven thruster with axial flame
propagation. Both frontend ignition (FEI) and backend ignition
(BEI) are considered (Fig. 1). The purpose of the optionaldiaphragm
in Fig. 1ais to prevent fuel loss in BEI devices or to aid in ignition
initiationin FEI devices.Itis assumed thatdiaphragmruptureoccurs
at the start and at the end of the combustion process for FEI and BEI
configurations,respectively. The diaphragm, therefore,playsnorole
in the present fluid dynamic analysis of thruster performance. We
further assume steady-state flame sheet propagation, a flame sheet
thickness small with respect to combustion chamber length L., and
an isentropic expansion of an ideal plenum gas. The results are ex-
pected to properly characterize the flow in small-scale thrusters.

In the following sections, plenum conditions are evaluated, as a
function of flame speed v, for both BEI and FEI. Ideal thrust and
impulse are determined. The decrement in impulse due to heat loss
in the plenum and momentum loss in the nozzle wall boundary layer
is evaluated assuming thin boundary layers. The increase in plenum
wall surface temperature is noted. Finally, numerical results for an
example millimeter-scale thruster are discussed.

Plenum Conditions
Plenum gas properties are evaluated for both BEI and FEIL

BEI (Figure 1b)

The flame sheet is assumed to move with uniform velocity v .
Plenum conditions are found as follows. Fluid velocity is zero due
to the rear wall:

uy =20 (la)
Conservation of mass indicates
Lo = Py (1b)

where p; is the initial solid propellant density. Consideration of
energy conservationin flame fixed coordinates indicates

Ty = (AE/c,))[1 +0(h;/AE)] (1c)
where AE is the energy release per unit mass at the flame sheet and

h s is the solid propellantenthalpy, exclusive of A E. Finally, the gas
law p = pRT indicates

Diaphragm
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Fig.1 Solid propellant driven thruster.

Po = R(p;AE/c,)[1+0(h;/AE)] = po (1d)

Equation (1d) defines py_,,, which is the maximum pressureencoun-
tered for either BEI or FEI. The time required for the flame sheetto
traverse the combustion chamber is #; and equals

t; =L /vy (le)

Plenum conditions are steady state for # < f,. Plenum conditions are
unsteady for 7 > f,, due to flow expansion through the nozzle.

The variation of plenum propertieswith time, for > #,,isnow de-
termined. For present purposes, we now measure time from the start
of the expansion and neglect the contribution of the nozzle entrance
region to plenum volume. Let p,(0) denote the pressure at the start
of the expansion (t =0) and let py(¢) denote pressure at a subse-
quent time, with similar notations for the other variables. Equating
the rate of plenum gas loss to the mass flow rate at the nozzle throat
indicates

d/OO V(‘

T = —pia; A, 2

Integration of Eq. (2), with the assumption of isentropic flow yields

oo(t) I:po(t)]l/y B [To(t)i|l/(y“ _ [ao(t)ir/(yl)

o) L po(0) Ty(0) ay(0)
—2/(y =1
-1t
= (1 + y——) 3)
2t
where 7, is the characteristic pulse (discharge) time defined by
Ve
f, = — 4
" Bay(0)4, @
B = pia,/poag = [2/(y + DIV V0D = 05787 (y = 1)
(5)

Here ¢, is the time it would take to exhaust the plenum mass if the
plenum conditions remained constant. We define

Vi = (1/B)(vs/ag)(Ac/A)) (6a)
and observe
1/t = Vs (6b)

Thus, V, can be interpretedeither as a normalized flame speed or as
theratioof 7, /,. The limits V, — 0 and 0o correspondto essentially
steady-state and essentially pulse operation, respectively.

We note, for later reference, isentropic flow relations for the noz-
zle. Local Mach number M is related to the local area A by

AJA = (B/M{1+1(y — D/21M) 7 T EV=DE (T
Flow properties at A are related to plenum conditions by

T/To = (p/p))? """ = (p/po)’ ~" = (a/ap)’

={l+I(y — D/21m?} (7b)

FEI (Figure Ic)
Plenum conditions, for the case of FEI, are now defined. Mass
conservationindicates
d(poxy) A,
— = — pa,— 8
dr PrVs P4y A( ( )
For steady-state flame propagation, v, =dx/dt = const, Eq. (8)
becomes

V, = 0o/ Py

= —— 9
1= (po/py) ©
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or equivalently

po/ps =V/(1+Vy) (10

Equations (9) and (10) apply for FEI only. (Recall, po/ps =1,
0=<V; <oofor BEL) Considerationof the energy equation, in flame
fixed coordinates, indicates

To = (AE/c,){1 + 0(h;/AE) +0(M;) + 0[My(vy/ag)l} (11)

The plenum temperature 7 is the same as for the BEI case provided
M, < 1, whichcanbe assuredby A, < A.. The gaslaw p, = Rpy T
indicates

Po/Pom = (po/p) {1+ 00/ AE) +0(M7) + 0[Mo vy /ao)]}
(12)
where p,,, is the pressure associated with BEI [Eq. (1d)] and is
the maximum possible pressure for FEL. Thus, oo/ and po/pom

are essentially equal. For ¢ > #,, we again have pulsed operation.
Equation (6b), ¢, /t, = V, continues to apply.

Evaluation of V;
The evaluation of the flame speed parameter V is discussed for
cases where V; >> 1 and for deflagrations.

Case Vy>1
The condition

V1 (13)

corresponds to cases where the combustion time 7, is small relative
to the pulse time #,. This can occur when either the combustion is
fast, that is, high flame speed propellants, electrically augmented
combustion, etc., or the nozzle throat area is relatively small, that
is, large 7,. In this limit, the details of the combustion process are
unimportant.

Deflagration Case

For the case of a deflagration, the variation of flame speed v (in
centimeters per second) with pressure p, (in atmosphere, standard)
is generally expressed in the form

vy =v(po)” (14)

where v, is the flame speed at 1 atm and n is a constant. Values for
v, and n are given later. Define

Vim = (1/B)(Ac/A) (v, /a0) py 15)

That is, Vy,, is the value of V that corresponds to py = po,. For
BEI

For FEI, V; is found from V;/Vy,, = (0o /ps)" or
I+ V)V =V, (17a)

A numerical evaluation of V, for given V,,, is generally required.
Limiting cases are as follows.
For V,//i!' =" <« 1

V=V 1=/ =mv 1+ 0(v)] (1)

For Vi, > 1:

V=V —n+01/Vy,) (17¢)
Forn=1:
Vy =0, 0<Vy, =1 17d)

The values of v, and n, for use in Eq. (14), are generally defined
from experimental plots of v, vs p, and apply for a restricted range
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Plenum pressure p,, atm

Fig.2 Burning rate laws of control double-base propellants: 1, “cool”
propellant, 820 cal/g; 2, “hot” propellant, 1100 cal/g; 3, “hot” propellant,
1320 cal/g; and 4, pure nitroglycerin, 1770 cal/g.

of po. For example, Fig. 10-5 in Ref. 4 indicates that, for 20 < p,
<200, ammonium nitrate has the values

v, = 0.04, n =045 (18a)

and asphalt perchlorate has the values

v, =0.12, n=0.73 (18b)
The value of n generally increases with increase in pressure. The
variation of vy with p, for four double-base propellantsis given in
Fig. 2, whichis reproduced from Ref. 5. These curves are correlated
to within 10% by the values, for propellant 1

v, = 0.027, n=0.75 (18¢)
for propellant 2

v, = 0.052, n=0.72 (18d)
for propellant 3

v, = 0.10, n = 0.65 (18e)
and for propellant4

v, =0.11, n =0.78 (18f)

for 10 < py, atm < 10°. The exponent n increases to values of 0.95
and 0.90 at pressures of order 10° atm for propellants 1 and 2,
respectively.

The unextrapolatedportions of the curvesin Fig. 2 are from Fig. 2
of Ref. 5. The propellantmaterialis nitroglycerinplus nitrocellulose
plus a stabilizer. The energetic level of the propellant depends on
the relative amounts of nitroglycerin and nitrocellulose.

Extrapolation of the curves in Fig. 2 indicates vy ~ 100 cm/s at
po = 10* atm. The corresponding value of V,,, is

Vim =00107") (19)

where the values v; =100 cm/s, ay = 10° cm/s, and A, /A, =100
have been used. Thus Vy,, is small for deflagration waves, and
Eq. (17b) can be used to evaluate V.

Thrust and Impulse

We now evaluate the thrust and impulse of the configurations in
Fig. 1. Let subscript e denote freestream conditions at the nozzle
exit. Consideration of the flux of momentum at the exit leads to a
thrust force

F=/mM+MAm (20a)

F= pe”?[l - (zee/re)]Ae + peAe (20b)
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where

re ou> \ r
6, = -2 )= (20¢)
0 /Oeug re

Here p., p.,and u, denotefreestreamconditions,r, is the nozzleexit
radius, and 6, is a momentum defect thickness. In the present case
of arelatively thin boundary layer, Eq. (20c) reduces to the conven-
tional expression for boundary-layermomentum defect thickness at
the nozzle exit. It can be shown then the effect of the displacement
thickness parameter 28*/r, on thrust is of order (28*/r,)? and is
neglected herein. An alternate form for Eq. (20) is

F/A. = pau[1 + (1)/yM?)] = peul(26./r.) (@3))
The corresponding impulse is

! /mth L — /Oo 2dr /00298 2dt
— = —dr = o U — o U
Ae 0 Ae yMgz 0 h ¢ 0 e h ¢

(22)

where, for u ~ T and fixed propellantand geometry, 6, ~ T/4/ P/
[see Eq. (28)]. The integration is conducted separately for pulsed
and for steady-stateoperation. We consider BEI and FEI separately.

BEI
Let I, be the net impulse generated by the pulsed flow. Substitu-
tion of Eqgs. (3) and (28) into Eq. (22) yields, for u ~ T,

1 I, 2 20,2y + /Gy — 1)
— = |- (23
CM prm/ZhO V4 + 1 te 1 + (VMEZ)

1
1 2 1)\?
cy=11 1+ — 24
M (UM&)/(U—lM&) 24

1 1 1
Cy=1—-————+0 — 24b
" Yy — 1) M2 (M:) (240)

2 _1y3
Cy = % M, = 1) (24¢)

where

Here I,/[psV.+/(2hy)] is the ratio of impulse to the value corre-
sponding to a steady-state expansion to a vacuum. The factor Cy,
corrects the impulse for expansion to a finite value of M,. The fac-
tor 2/(y + 1) in Eq. (23) is less than 1 because of the reduction in
plenum enthalpy during the unsteady expansion. The term involving
0, gives the reduction in impulse due to the momentum loss in the
nozzle boundary layer.

FEI

Let I, betheimpulse generatedduring the steady-stateflow. In this
case the integrands are constant in Eq. (22). The net mass expelled
is (o; — po) V.. Equation (22) then yields

1 I (1 p0> | 20, 1 252)
—_— — —_— —_—_— a
Cu pyVen/2hy or e 1+ ()/Mez)il

The mass expelled during the unsteady expansionis py V.. The cor-
responding impulse is then

L, 2 p[, 20,200+ D/Gy =)
CM /Ofqu/zho ]/+1,0f v 1+(VM82)

(25b)
The net impulse is the sum of Egs. (25a) and (25b).

Effect of Plenum Heat Transfer on Impulse

The preceding expressions for impulse neglect the effect of heat
loss in the plenum. The proper correction for this effect is to de-
termine the enthalpy of each gas particle as it enters the nozzle. A
simpler but less accurate approach is to use an average enthalpy
for the mass that exits the plenum. Let A#, represent the average
plenum enthalpy loss. The impulse is then found by multiplying the
preceding expressions by

Ch = /1= (Ahg/hg) =1 — 3(Ahg/ho) + 0(Aho/hy)*  (26)
That is, Cy in Egs. (23) and (25) is replaced by the product Cy, C,,.

Nozzle Boundary Layer

Exit section momentum defect thickness and the corresponding
impulse loss are estimated in the following section. It is assumed
that the boundary-layerthicknessis small relative to the local nozzle
radius r.

The momentum defect thickness at the exit section can be ex-
pressed® as

1

0.664 ( [ o\
0, = P mUoo?” ds (272)
0

Pellele

where p,, and u,, are evaluated at a mean temperature given by

T,/T, = %[1 + (T, /T)]1 +0.11(y — l)P,.’irMe2 (27b)

where Pr=0.72 for air. The quantities u,, and s denote local
freestream velocity and distance along the nozzle surface, respec-
tively. An approximateexpressionfor 6, can be obtained by neglect-
ing the variation of p,, i4,,U~, and assuming r to be proportional to
s. By assuming ;. ~ 7™, we have the result

6, 0.664 [ . s./r. Te>“””/2 08
re N '\/3 /Oeue re Tm

where r, /s, is approximately equal to the nozzle half-angle. The
effect of Mach number, geometric scale, and flame speed can be
displayed by writing Eq. (28) in the form

(A —m)/2 3
0, 0.664 Jre (T, 2
G _ 0664 | o s/r (-) (—pf> Fy (29
Te \/3 /Ofa0 e Tm Lo

where

1

F, = {1 +(y — 1)/2]M82}(1*’7!)/2+(3*V)/[4(V*l)I/Mg (29b)

and isentropic flow is assumed. The corresponding displacement
thickness 8* can be estimated from’

8*/0, =2.61
The impulse loss due to the nozzle wall boundary layer is found

by substituting Eq. (29a) into Egs. (23) and (25). Neglecting the
effect of M,, the impulse loss for BEI is of order

1
26, 1\?
:0[( Ho _> } (30a)
Te PrdoTe

and for FEI is of order

1
26, L14+V,\?
:0[( Ho ——f> } (30b)
Ve Pr [ Vf
The impulse loss varies inversely with the square root of the geo-
metric scale. The effect of V; is significant only in the case of FEI
and V; <1, wherein the impulse loss varies as (r, Vf)*l/z. In the

latter case, V; must be increased as r, is decreased to maintain a
small impulse loss.
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Heat Loss in Plenum

It is assumed that the thermal-layer thickness is small in relation
to the plenum radius ... The heat flux at the plenum wall can then
be expressed, for fixed T and T, as

9w Qp

S — —_ 3D
pmcp(TO - Tw) T
where C is a weak function of py/p; and
T=1t—x/vy (32)

That is, at each section x, T represents the time that has elapsed
since passage of the flame sheet. For BEI,

C=1/Jm (33)

which correspondsto conductionin the absence of convection® For
FEI, the coefficient C is found from®

C =0.332[1+ 1.888(,00/,of)]’lr (34a)
Limiting values are
0332<C<1/Jm (34b)
for
0=<po/ps =1 (34¢)

The value C =0.332 corresponds to steady-state flow of a fluid,
with Pr=1, over a semi-infinite plate.9 Equation (31) is exact for
the period of steady-stateoperation (f <t) and for primarily pulsed
operation (% /t, < 1) and is approximately valid for all cases.

Assume that the pulsed operation is characterized by the initial
plenum conditions and a pulse length of 7,. The net period of dis-
turbed flow at each section x is then

T=(t, —x/vy) +1, 35)

The net amount of heat transferred into the wall, at station x, is
denoted by Q(x) and is found by integrating Eq. (31) with respect
to 7, using Eq. (35) as an upper limit. The result is

0w EANE
pmcp(TO - Tw) B ZC[am (tj * tl’ Uf>i| (36)

The net loss of heat Q is found by integrating over the plenum
surface area

L
0= 27Trf/ Q(x)dx 37
0
The result is
3
0 8 C 1| (1 )2
—_——— = ——(ant,)I—| | —+1) —1 38
pmcp(TO - Tw)V(‘ 3 Te (O[ P) Iy tp * ( )
Equation (38) becomes, fork ~ 7",
1 _
41 kot \T (T \" """
= T_< 0”) (—0> F(Vp) (39)
pfcp(TO_Tw)Vt‘ w2 e \PsCp Tm
where, for BEI,
3 3 I
F(V,) = %[(1 +Vpi— V;]/(Vf)i (40a)
F(Vy) =23V 2, Vi >0 (40b)

and for FEI

F(V;) = 0.392(1 + 2.888V,)* [(1 + V)i - Vf%]/(l +V))

(41a)
F(V;) =0392, V, >0 (41b)
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Equation (39) has been normalized to the value for V; — o0, that
is, F(c0) = 1. For BEI, Q — o0 as V; — 0, due to the increase in
residence time. It is somewhat surprising to see that Q is relatively
insensitive to V, for FEI and, in fact, decreases as V, decreases.
The insensitivity of Q to V; is a consequenceof an inverse relation
between residence time and heat transfer rate.

The average heat loss per unit mass from the plenum gas is found
from

Ahyg 0

=— (42a)
hg Py Cp TO Vf

= (- %)
—_—=s— |1 —— 42b
hy ,Opr(To —T)V. Ty ( )

The assumption of a thin thermal layer is valid when Ahy/hy < 1.
The latter condition is violated for BEI in the limit V; — 0.

The decrement in impulse due to plenum heat transfer is found
by substituting Eqs. (39) and (42) into Eq. (26). The loss is of order

L(Aho/he) = O{l(o/pra) (L] ANIT F (V) (43a)

As in the case of the nozzle boundary layer, the impulse loss varies
inversely with the square root of the geometric scale, A,/L,. The
effect of V; is significant only in the case of BEI and V; < 1. In
this case, Eq. (43a) becomes

L(Aho/ho) = O{l(o/prao) (L] AN/ V)IE) (43b)

wherein the impulse loss varies as (V, A,/L.)~2. The latter result
is similar to the impulse loss due to the nozzle boundary layer in the
case of FEI and V, <« 1, for example, Eq. (30b). Here, the charac-
teristiclengthis A,/L.. Hence, V, must be increased, as geometric
scale is decreased, to maintain low impulse loss in BEIL, V, <1
thrusters.

Plenum Surface Temperature

The variation of plenum surface temperature with time is of in-
terest and is evaluated herein.

The local thermal boundary-layer thickness in the gas, §,, and
wall, 8,,, can be estimated from

b, = Q/CoVTT (44a)
8w = 2/Cy)Va,T (44b)

where mean values of « are assumed. The corresponding heat flux
at the wall, assuming a parabolic temperature profile (where 7, is
wall surface temperature and 7, ; is initial wall temperature), is then

C.k,(Ty — T, Cyok, (T, —T,,;
Gw = F4 g( 0 w): w w( w w,l) (45)

a,T a,T

where C, =C,, =1//m for agreement with an exact solution of
the conduction equation® Equations (44) and (45) assume that the
thermal thickness in the gas and wall is small compared with the
gas and wall thickness, respectively. Equation (45) indicates

T,—T,,; _ b1/ 0o/ 0y (46a)
To—Toi 1+¢1\/po/ps

where
) 12
o= [M} (46b)
(ocpk)u
For ¢ < land T, ;/ Ty < 1, Eq. (46b) becomes

Tw_Tw,i P
v Twl g Fo

(46¢)
Ty Py

which is generally applicable.
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If the wall thickness W is small compared with §,, as defined in
Eq. (44b), the wall temperature is found from

1 1
Tw_Tw,i_l ,00>2 T>2 (47)
1. ) G ‘

2 [py(eyko)ety]?
ﬂ% W(Iocp)w

where

hr = (47b)
Equation (47b) assumes that the temperature is uniform within the
wall and that the rear surface of the wall is insulated. The maximum
wall temperature occurs at x =0, T =f, + ¢, and equals, for BEI,

Lo = Toi _y ypf - (1+ V’l)% (48)
T T, = 1= exp| s ;
and for FEI
LTy (—¢) (49)
T,—1,, =~ P

Numerical Example

We evaluate the effect of the flame speed parameter V; on the per-
formance of a millimeter-scale thruster with airlike and aluminum-
like plenum gas and wall properties, respectively (see Appendix for
gas and wall properties). The following geometry conditions are
assumed:

r. =r, = 10r, = 0.05cm, L.=1.0cm
V. =7.854x 107° cm’, re/se = 0.25 (50a)
the plenum conditions are
p; = lglem’, Ty = 3000K (50b)
and the exit condition is
M, = 6.94 (50¢)

The nominal impulse and pulse time are

07 Ve/2hy = 1930dyne - s (51a)
1, =1573x107s (51b)
Plenum wall temperature parameters are
¢ =1.786x 1072 (51¢)
425 %1073
b= T 510

Thruster performanceis as follows.

BEI
Do = Po.n = 8517 atm (52a)
po/py =1 (52b)
20, /r. =2.722x 1073 m=1) (52¢)
$(Ahg/hg) = 3.437 x 102F (V) (m=1) (52d)
2(Ahg/ho) = 3.437 x 1072, Vi1 (52e)

$(Aho/ho) =2.292x 1072/,/V;, V<1 (52

1(Ahg/hy) < 0.1, V; > 0.052 (52g)

For a thick wall

T,—T,;
w w,i — ¢l (52h)
I—T,; 1+¢

For a thin wall

1
T, — T, 14+ V,\? ,
LWl _q_ — 52
e exp{ o( )} (520

It follows that for a thick wall

T, —T,;=53K (52))
and for a thin wall
22
Tw_Twi: K7 Vv > 1 52k
ST / (52
98
T,—T,; < ——K, V, > 0.052 (521)
' W/0.1

Thus, for BEI, the plenum pressureis high and the boundary-layer
momentum loss is low. The thermal loss and the corresponding
thin wall temperature become large as V; — 0. The thermal loss
parameter Ahg/(2h) is less than 0.1 when V, > 0.052. In the limit
V; > 1, the surface temperatureriseis 53 Kand 22 /(W /0.1) K fora
thick wall and a thin wall, respectively.For V; = 0.052, the thin wall
temperaturerise is 98/(W /0.1) K. Thus, the major obstacles to BEI
are a high plenum pressure, which may pose structural problems,
and arequirementfor sufficiently high V; to avoid excessiveplenum
heat loss.

FEI
po = 8517[V,/(1 + V;)]atm (53a)
po/py=Vi/(1+Vy) (53b)
20,/r. = 2722 x 1073[(1 + V,)/V,]* (m=1 (53)
20,/r. < 0.1, Vi >74%x107 (53d)

L(Aho/ho) = 3.437 x 1072F (V) m=1  (53)

%(Aho/ho) =3.437x 1072, Ve 1 (531)
%(Aho/ho) =1.347 x 1072, VK1 (53g)
For a thick wall
Tw - Twi %
i $ipo/py) (53h)

- 1
To=Toi 1+ ¢i(po/pp)?
For a thin wall

Tw - Tw,i .
T =T, 1 —exp(=¢2) (531

It follows that for a thick wall

T,—T,; <53K (53)
and for a thin wall
22
T,—T,; = —— 53k
' W /0.1 (530

In the case of FEI, the plenum pressures associated with de-
flagration flame speeds, that is, V; <1, are low. However, the
boundary-layermomentum loss is high. To achieve 26, /r, < 0.1, a
value V; > 7.4 x 107 is needed. The corresponding plenum pres-
sure range is py > 6.3 atm. The plenum enthalpy loss and the cor-
responding wall temperature rise are small for all V.
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Table 1 Evaluation of impulse loss parameters 26,/r, and A h/(2h,) for example thruster

FEI BEI
Propellant Vy Po, atm 26, /re Vy Po, atm Ahg/2hg
Asphalt perchlorate 7.84 x 1074 6.670 0.097 0.167 8517 0.056
4 6.84 x 107* 5.820 0.104 0.201 8517 0.051
3 2.71x 1074 2.310 0.165 0.056 8517 0.096
Ammonium nitrate 3.78 x 107 0.322 0.443 0.004 8517 0.377
2 3.23x 107 0.275 0.479 0.055 8517 0.097
1 2.01x 107 0.017 0(1) 0.038 8517 0.118

Impulse Loss Associated with Equation (18) Propellants

The impulse loss parameters 26, /r, and Ahy/(2h) are now eval-
uated for the example thruster [Egs. (50-53)] using propellantflame
speeds characterized by Eq. (18). We continue the assumption of an
airlike plenum gas and ignore variations in energy release. Thus,
only variations in flame speed are considered. The results are given
in Table 1. The propellantsare listed in order of decreasing values of
V in the FEI region. Values of 26, /7, and Ah/(2hy) of order 0.1
are consistent with the assumption of a thin boundary layer. Larger
values violate the thin boundary-layerassumption and overestimate
the impulse loss. It is seen that the three higher flame speed propel-
lants have impulse (nozzle boundary layer) losses of order 0.1 for
FEI devices. Five of the six propellants have impulse (plenum heat
transfer) losses of order 0.1 or less for BEI devices.

Plenum pressures are included in Table 1. It is necessary to con-
firm that the values of v, and n used in Eq. (14) are consistent with
experimental observations of flame speed at these pressures. For
FEI, the plenum pressures are relatively low and increase with V.
In the case of BEI, the plenum pressure is a function of energy
release and is high.

Asphaltperchlorateand the double-basepropellants 1-4, listed in
Eqgs. (18), are not conventionalrocket fuels. They were included in
the present study because they have relatively high flame speeds, a
requirement for efficient impulse generationin small-scale devices.
From a practical point of view, it remains to be demonstrated that
propellants of the type indicated in Eqs. (18) can, in fact, be fabri-
cated and ignited in millimeter-scale thrusters. The present results
should be viewed as an indication of the potential performance of
these type of propellants.

Concluding Remarks

A simple analytic model has been developed for evaluating the
decrement in impulse due to wall effects in millimeter-scale solid
propellant driven thrusters. The model assumes an ideal gas, a thin
flame sheet, and uniform flame speed along the thruster axis. It is
believed that departures from these conditions can be accommo-
dated by appropriate choice of fluid properties, energy release, and
effective flame speed.

Thruster performance has been evaluated as a function of the
flame speed parameter V,=t,/t,. For the case of deflagrations
(Vy < 1), the impulse loss due to plenum heat transfer, in BEI
thrusters,and due to the nozzle wall boundarylayer, in FEI thrusters,
is proportional to (rV;)~'/?, where r is a characteristic thruster
length [see Eqgs. (30) and (43)]. Hence, to avoid large impulse loss,
it is necessary to increase flame speed as the thruster scale r is
decreased.

Millimeter-scale thrusters require relatively large flame speeds
to avoid wall-induced impulse loss. Six prospective propellants are
listed in Eq. (18). Computations using these propellantsin a proto-
type millimeter-scalethrusterindicatedthat three of the higherflame
speed propellants resulted in impulse losses of about 10% or less.
The correspondingvalues of V; were intherange V, >2.71 x 107
and 0.056 for FEI and BEI thrusters, respectively.

The relative merits of FEI and BEI devices can be summarized as
follows. BEI devices have less impulse loss due to wall boundary
layers (Table 1) and are easier to ignite.> However, they have higher
plenum pressures that could pose structural problems and that could
result in fuel loss if diaphragm breakage occurs prematurely. Pres-
sure levels in BEI devices can be reduced by use of less energetic

fuels. In the case of FEI, the diaphragm can be relatively thin and
can be used to aid in the initiation of ignition. Finally, it is noted
that, if a diaphragm s used, the diaphragm breakage pattern should
be such as not to obstruct the nozzle throat area.

Reference 3 describes the construction and electrical ignition of
a millimeter-scale BEI device. Initial impulse measurements have
been made. In this regard, Ref. 3 states, “Thermochemistry calcula-
tions, confirmed by the brightness of the thrust plume, have shown
that only about 10% of the propellant has produced thrust. Our ex-
pectation is that this can be increased by nearly a factor of 10 with
more complete combustion of the propellant.” Reference 3 does
not contain sufficient information concerning diaphragm breakage,
nozzle configuration, and fuel properties to permit estimates of the
contribution of wall effects to impulse loss.

Appendix: Nominal Gas and Wall Properties

We assume that plenum gas and wall properties can be char-
acterized by air and aluminum properties, respectively. Note
1 atm = 1.013 x 10° dynes/cm’ and 1 cal=4.186 x 10’ erg.

Air
The following properties are extrapolatedfrom values at standard
conditions (7' =288.15 K and p = 1 atm) and should be considered
asapproximateat elevatedtemperature (in degrees Kelvin) and pres-
sure (in atmosphere, standard):
molecularweight = 28.96, y =c,/c, = %
Pr=pc,/k=0.72
¢, = 6.960cal/mole - K = 0.2403 cal/g- K
¢, =4.965cal/mole - K = 0.1714cal/g- K
a = 1.098 x 105(T/3000)% cm/s
o = 1.177 x 10~*p(3000/ T) g/cm’
u = 1.062 x 1073(T/3000)*7® g/cm - s
k = 3.544 x 1074(T /3000)*7® cal/cm - s - K
a =k/(pc,) = 12.53(T/3000)""°/p cm’/s
h =c,T =720.9(T/3000) cal/g
Aluminum
o = 2.7 glem®, ¢, = 0.206cal/g- K
k = 0.48 cal/cm-s - K, a = (k/pc,y), = 0.86cm?/s
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