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HIGHLIGHTS

* Asimple one dimensional transient model of a rocket mass heater is presented.

e Heat transfer and fluid friction through important geometric features are considered.
e Introducing a system damper and increasing duct length can improve efficiency.

e Low chimney height and small barrel clearances can threaten heater performance.
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A simple one dimensional pseudo-steady computational model of a rocket mass heater is presented. A
rocket mass heater is a space heating device that utilizes an insulated “J-tube” to promote complete com-
bustion of burning wood, a steel barrel to act as a heat radiator, and a thermal mass usually shaped into
a bench that stores heat from the exhaust before the combustion gases are released to the atmosphere.
The gas model is based on fundamental relationships for steady compressible flow through one-
dimensional geometry and is coupled to an unsteady finite difference model for two dimensional heat
conduction in the thermal mass, which is modeled as a hollow cylinder. The model accounts for de-
tailed heat transfer effects and fluid frictional losses, and is able to predict efficiency, flow rate, and spatial
variations in temperature and pressure as functions of key parameters such as burn rate, thermal mass
volume and length, duct routing details, and chimney height. Key results demonstrate how insufficient
chimney height and narrow barrel clearances can threaten heater performance, how a system damper
and increasing duct length can improve heater efficiency, and that axial temperature variation in the mass
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is small compared to radial gradients.

© 2015 Published by Elsevier Ltd.

1. Introduction

Over the last decade, rocket mass heaters (RMHs) have gained
popularity as space heating alternatives for those interested in sus-
tainable home design, natural building, or off-grid living. These custom
built units consist of an insulated burn chamber, tunnel, and heat
riser (together called the “J-tube”) covered by a steel barrel, fol-
lowed by a long exhaust duct - sometimes up to 10 m long -
embedded in a thermal mass leading to a chimney which exhausts
the combustion gases to the outdoors. The adiabatic J-tube is de-
signed to ensure high temperatures to promote complete combustion
of the wood fuel. The steel barrel is typically a 0.2 m*> drum which
serves as a radiation heat source for the space, and whose top can
also serve as a cooking surface. The thermal mass which encloses
the exhaust duct and absorbs heat from the hot combustion gases
is normally made of “cob,” which is a clay and sand mixture
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reinforced with straw. The thermal mass is often sculpted into a bench
which becomes an integral architectural feature of the home, ra-
diating thermal energy into the space long after the fire has gone
out. A photograph of a typical RMH is shown in Fig. 1. Fig. 2 illus-
trates the RMH schematically and shows the flow path of the gases
through the heater.

RMH designs are based on features of the “rocket stove” and
masonry heater. A rocket stove is a cooking appliance optimized to
provide relatively high heat utilization and low emissions. A large
amount of research has gone into improving cookstove perfor-
mance in order to mitigate resource and health challenges in
developing countries [1,2]. Significant features of such stoves include
a horizontal burn chamber and insulated short chimney located
under the cooking pot. Masonry heaters have been used since pre-
historic times and have evolved into various designs in Europe,
Russia, and China [3]. The key principle is the incorporation of a large
thermal mass built of masonry which absorbs heat from exhaust-
ing combustion products directed in a sinuous path through channels
embedded in the masonry. After an initial heat-up period, a masonry
heater releases thermal energy to the space by radiation for over
24 hours after the wood fuel is exhausted.
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Fig. 1. Rocket mass heater in Michigan. The burn chamber inlet is the black opening
in front of the barrel. Approximately 4 m of horizontal duct is embedded in the cob
bench. The horizontal duct leaves the manifold at the bottom of the barrel behind
the pillar on the left, wraps around the pillar, runs left to right within the front part
of the bench, makes a 90° turn through the cleanout on the right, then runs back
along the wall on the right before making a turn to the left to enter the vertical

chimney just to the right of the barrel.
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Bryden et al. [4] described design principles for wood burning
cookstoves. The authors presented ten design principles, includ-
ing the need for an insulated burn chamber and short chimney
underneath the cooking surface, the importance of maintaining a
strong draft to ensure high temperatures and clean emissions, and
the necessity for all flow passages in the stove to have the same
cross-sectional area. The “double barrel rocket stove” described in
Bryden et al. [5] introduced the downdraft principle in which hot
gases rising through an insulated chimney are directed downward
through the annular space between two steel barrels, providing a
large surface for radiant heat transfer to the space. Evans and Jackson
|6] are the first to have published design guidelines for RMHs which
combined the downdraft principle with long runs of exhaust ducting
embedded in cob. Over the last decade, many resources have ap-
peared for do-it-yourselfers interested in design and construction,
including workshops [7] and online forums [8].

Despite the interest in RMHs, little has been published regard-
ing performance measurements or analytical modeling. Menghini
et al. [9] performed a CFD analysis on a fireplace wood heater and
used the CFD results to develop a simplified zone model with phys-
ical relationships for combustion and conductive, convective, and
radiation heat transfer at various locations within the unit. Felaco
and Gasser [10] presented an unsteady one-dimensional model for
gas dynamics in a chimney. They applied an explicit upwind finite
difference method to a straight vertical chimney, and accounted for
fluid friction and nonadiabatic chimney walls using a reduced form
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Fig. 2. Schematic of the simplified RMH geometry. The dashed lines indicate possible placements for elemental nodes, and dotted lines with arrowheads indicate flow di-
rection. Note that fittings, like the elbows in the J-tube and the transition from annulus to horizontal duct, are not discretized but instead modeled with adiabatic loss coefficients.
Logs are placed vertically in the burn chamber on the left, and combustion is modeled as a heat source in bottom of the burn chamber.
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of the compressible flow equations for low Mach number flows.
Saastamoinen et al. [11] presented a simplified model for the heat
released during combustion in a residential wood burning stove. This
calculated value was then used as an input to an analytical treat-
ment of the stove walls in order to determine the heat output to
the heated space. MacCarty and Bryden [12] reviewed models for
cookstoves. MacCarty [13] and MacCarty and Bryden [14] de-
scribed a zonal model for a cookstove, using correlations for various
losses including fluid friction, and presented convective heat trans-
fer relations for various parts of the geometry. A steady state
conservation of energy was written for each of the zones, and then
a standard form of the momentum equation was applied to the entire
geometry to determine the draft. Agenbroad et al. [15] developed
a model based on the Bernoulli equation that gives a simple ex-
pression for the volumetric flow rate of air through the chimney
of a cookstove. This equation was solved simultaneously with the
energy equation to determine the mass flow rate of air through the
stove along with the temperature rise as functions of firepower.

A potential problem with RMHs is creating and sustaining ad-
equate draft. The fluid flow resistance created by long lengths of
ductwork, sinuous flow passages like the annular flow path between
barrel and heat riser, and multiple fittings like elbows, tees (used
for cleanouts), and dampers can cause “smoke-back.” Smoke back
is an undesirable condition where the combustion gases meet too
much flow resistance, causing them to travel back up into the room
out of the burn chamber instead of through the ductwork and
chimney.

A model that considers the fluid mechanics and heat transfer phe-
nomena from a fundamental standpoint and accommodates
geometric details and material properties particular to a RMH will
be an invaluable tool for the designer. The model presented here
is based on the differential form of the equations for one-dimensional
analysis of conservation of mass, momentum, and energy, and pre-
dicts temperatures, pressures, and velocities throughout the system
including the cob bench. Section 2 covers details of the model de-
velopment; section 3 confirms the validity of the model through
comparison with analytical solutions for a simplified problem and
convergence studies, and presents and discusses results for a par-
ticular RMH geometry. Section 4 concludes the paper with a
discussion of future model enhancements.

2. Model development
The model assumptions are as follows:

1. Unsteady thermal response of the mass is slow enough to
warrant steady analysis of the fluid flow.

2. Flow is one dimensional.

3. Effects of fittings (elbows, tees, contractions and expan-
sions, bends, logs, entrances, damper, etc.) and pipe friction
are accounted for using standard expressions for fitting loss
coefficients and the Moody friction factor.

4. Standard Nusselt number correlations are used for forced con-
vection within the duct and natural convection away from
the mass and exposed barrel and duct surfaces.

5. Radiation heat transfer is considered for the external heat
transfer situations where natural convection occurs and across
the gap between the duct and cob.

6. The surroundings are assumed to be at the same tempera-

ture as the room air.

. Radiation is neglected in all internal flow passages.

8. The J-tube thermal mass is ignored.
9. Flows through the J-tube and the top section of the chimney
are adiabatic.

10. The mass is geometrically simplified to a cylindrical mass of

cob surrounding the horizontal duct section with the same

~N

volume and length as the actual heater. The ends of the mass
are insulated.

11. The unsteady cob temperature is assumed to vary in the flow
and radial directions, but not azimuthally. A consequence of
this assumption is that the boundary condition on the outside
of the mass must be that of uniform convection and radia-
tion to the room air and surroundings. This ignores the actual
situation in which heat is conducted to the ground through
the bottom of the mass.

12. Combustion gases have the same properties as air, which is
assumed to behave as an ideal gas.

13. Combustion energy input is a point source at the beginning
of the J-tube horizontal tunnel.

Fig. 2 shows the simplified geometry and coordinate system used
for the model development, and Fig. 3 illustrates important dimen-
sions for the model.

2.1. Derivation of the gas flow equations

The governing equations are written for the differential element
shown in Fig. 4. In the figure, the quantity §Q,,is the rate of thermal
energy production due to wood combustion (assumed only to occur
in the element at the beginning the tunnel in the J-tube) and dQ,,,is
the heat loss through the differential surface area due to the tem-
perature difference T - T,,. Note that the element shape and
orientation indicated in Fig. 4 does not necessarily correspond to
geometry in an actual RMH; the figure is intended to illustrate a
general geometry that changes in cross-sectional area and elevation.

The heat loss can be expressed as

dQuut =UPds (T _Tout ) (1)

where U is the local overall heat transfer coefficient and P is the
average perimeter of the element. Note that the value of T,, depends
on the location in the gas flow path. For flow through the annular
space between the barrel and the riser and through the uninsulated
section of the chimney, To, is equal to T. (which is equal to the sur-
rounding surfaces temperature Ty,). For flow through the horizontal
duct in the cob mass, Ty, is the mass inner surface temperature. For
the insulated J-tube and insulated section of the chimney (where
it passes through the ceiling, attic, and roof), dQ,, =0.

Accounting for pressure, body, and frictional forces on the
element, it can be shown that the elemental momentum equation
is [16]

2
dp + pVdV + pgdz +p[f5ds +K; J‘%:O (2)
where f is the Moody friction factor, D is the hydraulic diameter,
and K; is a fitting loss coefficient. The first term represents net forces
due to pressure, the second represents the change in momentum
flow rate, the third represents body forces, and the last represents
frictional forces due to wall shear stress and flow through fittings.
A steady state energy balance on the element considering heat trans-
fer and thermal, kinetic, and potential energy flow terms results in

8Q;, =mc,dT +UP (T —T,, )ds +m (VdV +gdz) (3)

where ¢,dT is the change in enthalpy across the element. The last
term in Eq. (3) is typically negligible but is included here for
completeness.

The final two equations describing the flow are the ideal gas
equation:

p=pRT (4)
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Fig. 3. Key dimensions. Not all dimensions are shown. For instance, the depth of the burn chamber, tunnel, and heat riser are perpendi cular to the page.
and conservation of mass: pressure and temperature at the burn chamber inlet (s=0) and
known pressure at the chimney exit. Note that there is no given
0 dp + dA N dv (5) boundary condition for velocity, as mass flow rate through the system
p AV is known only after a solution is obtained.

In order to solve for the flow variables numerically, the flow
Egs. (2)-(5) form a system of four equations for the four un- path through the heater is discretized into a series of N nodes,
knowns V(s), p(s), T(s), and p (s). The boundary conditions are known as indicated in Fig. 4. Since mass flow rate is an output of the

At dA, pt+ dp, pt dp, V& dV, FdT

Fig. 4. The differential element used in the gas flow model. Also shown are nodes i and i + 1 used in the discretization process.
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analysis, it is convenient to recast the conservation of mass, Eq.
(5), as

m = pVA = constant (6)
Writing Egs. (4) and (6) at node i gives

pi =piRT; (7)

m = pViA; (8)
Writing differentials as finite differences, Egs. (2) and (3) become

(pi=Pia)+ PV (Vi = Vi) + pg (2~ Zi1)

7 9
+f)|:%(si—si,])+1<L:|V72=0 ( )

Qin :mcp(Ti_E—1)+UIS(T_Tout)(si_Si—l) (10)

+ m[V(Vi -Via)+8(z _Zi—l)]
where barred quantities are averages between values at nodes i and
i-1.

There are a total of 4N nodal values. Known inputs are T, p;, and
pn, leaving 4N - 3 unknowns. Recognizing that m is also unknown,
the number of unknowns increases to 4N - 2. Eqgs. (7)-(10) can be
written for each of nodes for 2<i <N, and Eqgs. (7) and (8) can be
written at node 1, for a total of 4N-2 equations. The problem is thus
fully determined.

The inlet pressure is determined from the following equation (see
Appendix A).

- g(h H_hﬂ 11
p“p”exp[R(T,- T (1

where H is the chimney height and h is the house height. T, and
Toue are the inside and outside house air temperatures.

The solution process begins by solving Eq. (7) for the density
at node 1. The remaining system of nonlinear equations is solved
using successive approximation beginning with initial guesses for
the unknowns. Eq. (8) is solved for V;. Egs. (7)-(10) are rear-
ranged to solve for p;, V;, p;, and T; respectively for 2<i <N -1, where
the right hand sides of these rearranged equations contain values
at node i-1 and previous iterates. At node N, Egs. (7) and (10) are
used to solve for py and Ty respectively, Eq. (9) is solved for Vy
with known exit pressure py, and the mass flow rate is updated
using Eq. (8). The iterations continue until the maximum change
in all nodal values is less than a specified tolerance, ¢ (typically
set equal to 1x1073). In practice the iterative solution process
requires an underrelaxation of Vy before mass flow rate is
updated:

Va =Vi+o(Vy - V5) (12)

where V'y is the previous iterate. A relaxation factor w of 0.1 is suit-
able for most of the runs presented here, with lower values (0.05
or 0.01) necessary for marginal flow situations such as an almost
closed damper or excessively small clearance between the barrel
top and riser.

Determination of f, K;, and U for various parts of the flow is dis-
cussed in section 2.3. A flowchart describing the solution algorithm
is illustrated in Fig. 5.

The above procedure enables a solution for the gas flow
properties for each time step. A boundary condition for the
gas flow is the inner mass surface temperature as a function of
position and time in the horizontal duct (T in Eq. 10). The deter-
mination of the unsteady mass temperature is considered in the
next section.

2.2. Development of the equations for unsteady temperature
distribution in the mass

The cob mass is modeled as a cylindrical wall of length Ly with
inside diameter D; and outside diameter D, (see Fig. 6). The inside
diameter is set equal to the duct diameter. The outside diameter
is determined by equating the actual cob volume, Vv, to the volume
of the modeled cylinder:

D, = |2 1 p2 (13)
L

Assuming no temperature variation in the azimuthal direction,
the governing differential equation is

daT, 10 ( dT 9T,
I _ 110 (0Tm m 14
PO 5 {r ar(r or j+ axz} ()

with boundary conditions:

daT,

Ui [T (X)=To (1, )] =~k S2-(1 . ) (15)
k aaTrm (1o %, 6) =Upue [T (10 %, £) =T (16)
a7, aT,

m =MoL = 17
ox 0.0==5( Leer, 1) =0 (17)
and initial condition

Ty (r,x,0)=T,,. (18)

Note that although the gas temperature T(x) is not indicated ex-
plicitly as a function of time, it does in fact vary slowly in time
according to the pseudo-transient treatment of gas/mass problem.

Eq. (14) is solved using a standard explicit finite difference method
[17]. All boundaries and internal regions are discretized with second-
order expressions in terms of nodal spacings Ax in the axial direction
and Ar in the radial direction. Since the formulation is standard, only
the resulting equation for an internal node and one of the bound-
ary nodes is given here. The equation for the temperature at an
internal node i is

T2t =Fo (T2, +T7,, )+Fo| [1- 280 |2 i1+ 14T 7
i,j i-1,j i+1,j 2 r] i, j-1 2 r] i,j+1 (19)

+ T [1-2(Fo, + Fo; )]

where superscript p signifies the time step number. The Fourier and
Biot numbers are defined as

Fo, =—Z§£
oAt

FO, :F

Bi= UAr

k mass

The gas and mass temperature solutions are linked through
boundary condition (15) for the mass, where T (x;) is the local gas
temperature and the value for T, in Eq. (10) is the local mass inner
surface temperature T,, (11, x;). Fig. 6 illustrates this linkage. Note
that As = Ax and that nodes for s correspond to the axial locations
for x nodes. The finite difference equation for the mass boundary
node corresponding to T,(r4, X;) is:
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Fig. 5. Flowchart for the solution of the nonlinear equations in the model.

Tt = Fo,(T},, + TP, )+ 2Fo,BiT; + 2For(1+%£jrl’

mi-1,1 mis1,1 mi,j+1
n

+ T,ﬁivj[l - Z(Fox + Fo, (1 + %ﬂ) + Fo,Biﬂ

h

(20

The temperature T; in this equation is the local gas tempera-
ture. The explicit method has a time-step size limit based on the
following criterion:

Fo, +For(1+%£)+F0rBi s%

n

(21)

2.3. Friction factor, loss coefficients, and heat transfer coefficients

The friction factor fin Eq. (9) is calculated based on local Reyn-

olds number:
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Fig. 6. The cob mass is modeled as a cylindrical wall with inner radius 1}, outer radius ro, and length Lac. T is the mass temperature, T is the gas temperature, and T= is the
surroundings and ambient air temperature. As shown on the right, the cob mass is discretized with uniform nodal spacings Ax in the flow direction and Ar in the radial

direction.

64

re Re <2300 (22)
f=1{1.609%x10%Re'** 2300 <Re <3000 (23)
(0.79InRe —1.64)> 3000 <Re <5x10° (24)

where the Reynolds number is based on the local average hydrau-
lic diameter, average velocity, average density, and viscosity:
VD

Re=P""
u

The hydraulic diameter is determined from D = 4A/P, where A is
the flow area and P is the perimeter. The first equation for fis from
the analytical solution for laminar internal flow, the third is the
Petukhov correlation for turbulent flows through smooth ducts [17],
and the second is a logarithmic model derived by the author for the
transitional range. The coefficient and exponent in Eq. (23) were de-
termined by matching the values for f from Eq. (22) at Re =2300
and Eq. (24) at Re =3000.

The temperature dependence of viscosity is accounted for using
the following relation

= 13.55+0.674T -3.81x10*T* +1.183x107T?

o (25)

where T is in Kelvins and viscosity is in units of Ns/m?2. This corre-
lation is good for temperatures between 250 K and 1000 K and was

Table 1

developed by the author by applying a polynomial curve fit to tabular
data from Bergman et al. [17].

The correlation for findicated above ignores surface roughness
of the flow passages. Surface roughness is considered, however, for
the flow past the logs. In this case, f is determined from the fol-
lowing equation [18]:

1 e/D)l‘“ 6.9
—=-18l 7= >=
7 og“’[( 37) "Re

The hydraulic diameter for the flow past the logs is deter-
mined from D = 4A/P, which for M logs of diameter d in a rectangular
chamber of width w and depth h results in

} (26)

2
:4[wh—M7rd /4] (27)
Mnd +2(w+h)

Loss coefficients, K;, for various flow regions within the RMH are
shown in Table 1. The loss coefficient for the manifold transition from
barrel exit to horizontal duct is assumed to be a sudden expansion.

The loss coefficient for the transition from riser to annular space
between the barrel and riser deserves special attention. Referring
to Fig. 7, the overall coefficient is assumed to be the sum of five com-
ponents: miter bends from points 1 to a and b to 2, sudden
expansions or contractions from 1 to a and b to 2, and fluid fric-
tion from a to b. The expression for the loss coefficient from 1 to 2
is thus

Loss coefficients. Values are from Howell et al. [19]. Equations are from curve fits to tabular data in Howell et al. [19]

unless otherwise noted.

Loss coefficient

Value or correlation

Kmiter 1.2
Kelbow 0.37
Kiee, straight thru 0
Kiee, branch 11
Kent: AR = (percent open)/100 0.5

0.559AR 2413 Re 0.063

Ksudden: A1 is inlet area and A is
outlet area (Munson et al. [18])

S|

A,

Kaamper: 0 < 6< 80°, where
6=0 is fully open

095<AR<1.0
0.2<AR<0.95
Contraction

A ¥ A Y
0.5+0.06222-1.337/ £2 | +0.899| £
A A A

1
Expansion

0.1502 +0.0833 6+ 0.004212 62+ 0.0001278 63
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Fig. 7. Locations used in determining the loss coefficient for the riser-to-annulus
transition.
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Ky = —ab
2
Viz

(28)

where V; indicates the average speed between points i and j, and
Ve indicates the maximum speed between the flow areas cor-
responding to points i and j. The friction factor f,; is based on the
average speed V,, and Dy, is the average hydraulic diameter between
points a and b. Values for Kpier and Ksyagen are given in Table 1.

Values for overall heat transfer coefficients, U, in Egs. (10), (15),
and (16) are determined as follows. For the barrel top, barrel sides
(annulus), and chimney sides

U= : (29)
%Ci + Vk + /}V(hm + hT)

where h; is determined from the Dittus-Boelter Nusselt number
relationship and h, is determined from appropriate natural con-
vection relationships listed in Table 2. The term t/k is the conduction
resistance for the barrel or chimney walls, and the radiation heat
transfer coefficient h, is determined from

h. = €0 (T + Ty ) (T + To®) (30)

For the inside barrel top, where the rising combustion gases strike
the barrel top and are redirected into the annular space between
barrel and riser, the following correlation for an impinging jet is used
[17]:

Nu =G| 2Re® (1+0.005Re %) |pros2 (31)
where

_ 05
Go2a0s_ 1-224¢ (32)

1+0.2(H/D-6)A%

Table 2

and
A =—_ (33)

In these relationships D is the hydraulic diameter of the
riser and R is the barrel radius. The jet length, H, is equal to the
gap height between the riser exit and barrel inside surface. It should
be noted that the expression for Nu is only a rough approximation
for the convection in this area. The expression is valid for H/D ratios
between about 2 and 12, whereas for the RMH modeled in section
3 the H/D ratio is 0.27. Also, the expression is valid for an external
impinging jet flow, whereas the current flow is internal. Given the
lack of relevant published correlations, and noting that the calcu-
lated values for h using this equation are similar in value to internal
flow convection coefficients calculated for other flow passages in
the geometry, the use of the correlation is justified.

Natural convection correlations are based on the Rayleigh
number:

Ra= gﬁ(Tsa—va)P (34)

where Ty is the average surface temperature, T. is the air temper-
ature, L is the characteristic length, and fis the volumetric thermal
expansion coefficient, which is the inverse of the film tempera-
ture expressed in absolute units (the film temperature is the average
of the surface and ambient temperatures).

The overall heat transfer coefficients appearing as boundary con-
ditions for the mass in Eqs. (15) and (16) are specified as follows.
For Ui, a small gap is assumed to exist between the outside duct
and inside cob surface (due to contraction of the cob as it cures, or
construction defects). The heat transfer into the cob at r=r; thus
considers convection from the gas to the duct inside surface, con-
duction through the duct wall, and conduction and radiation through
the air gap. The expression for Uj, is thus

-1

U, = hl+ltd“+7k 1 (35)
i Kdet Rew

.
Leap

where t4: and kg are the duct thickness and thermal conductivi-
ty, and tgp and kgqp and are the air space thickness and thermal
conductivity. The radiation heat transfer coefficient for the gap, h;,
is found from the expression for that between two parallel
planes:

_o(Ti+T)(TE+T7)

h=—w =/~ "2/

" 36
2, (36)
€

Nusselt number correlations used to determine h, from Bergman et al. [17].

Convection type and location Nu (=hD[k) = Length scale for
Re, Ra, and Nu
Forced internal flows except barrel top 0.023Re%%pr®3 4A|P
Forced inside barrel top Eq.(31)
Natural external barrel top 0.54 Ra 025 D[4
Natural external barrel sides 2 Barrel height
0825+ 0.387Ra''®
[1+(0.492 Pry"® "

Natural external mass

060+ _____
{ [1+(0.550Pry"® "

2
0.387Ra"® } Mass diameter
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where ¢ is the emissivity of the surfaces on either side of the gap
(both the duct outer and cob inner surface are assumed to have the
same emissivity), and T; and T, are the gap surface temperatures.

The outside overall heat transfer coefficient is determined from
Uout = heo + hy, where he, and h, are the convection and radiation heat
transfer coefficients for the mass outer surface.

Heat transfer coefficients, like the friction factor f, are depen-
dent on flow velocities and temperatures which vary both spatially
and temporally, and are dependent on model inputs such as Q,,.
Unlike f, however, the current model is set up to input constant values
for convection coefficients h rather than calculating values as part
of the solution process. The input values are calculated based on
approximate expected velocities and temperatures. Future ver-
sions of the model will account for velocity and temperature
variations, although experience shows that results for mass flow rate
and efficiency are not significantly affected by changes in convec-
tion and radiation coefficients due to variations in velocities and
temperatures across typical ranges.

2.4. Model outputs

The model outputs air density, velocity, pressure, and temper-
ature as function of s and time, the cob mass temperature as a
function of space and time, and the mass flow rate of air as a func-
tion of time. Also of interest is the system efficiency. The
instantaneous efficiency is defined as the rate of heat transfer from
the gas flow to the room divided by the rate of heat input:

_ mcp (Tmax _Tmin )

n=———"—"—
Qin

In this equation, Tne is the air temperature at the node just down-

stream node at which Q,, occurs, and Ty, is the temperature of the

gas leaving the chimney. Overall efficiency for the burn duration of
0 <t < binax 1S

(37)

ﬁ=ij.tmndt (38)

tmax 0

which is simply a time-averaged efficiency.
2.5. Analytical solution for a simple chimney

The model is tested using an analytical solution for a vertical
constant-diameter adiabatic chimney of height h including fluid fric-
tion (see Fig. A1). Combustion is modeled as a point heat addition
just upstream of the inlet, where the temperature is specified as
Tin. For the adiabatic case, neglecting kinetic and potential energy
terms, the energy equation shows that temperature remains con-
stant in the chimney from the inlet to exit. The temperature of the
air outside the chimney is T,,. The inlet to exit pressure ratio can
be expressed as (see Appendix A):

ﬂ=exp( gh ) (39)

The continuity, momentum, and ideal gas equations can be com-
bined and solved to give the following expression for chimney inlet
velocity (see Appendix B for details):

zgh[Tm _Toutj

V= Tou (40)

2 2
(&) —1+ﬂ(1+ﬂj
D> 4D | 2]
where the friction factor fis assumed to be constant along the entire
chimney.

3. Results and discussion
3.1. Simple vertical chimney

Results for the model applied to a simple vertical adiabatic
chimney compare well with the analytical solution given in Eq. (40).
For inputs h =7 m, chimney diameter = 0.1 m, T;, = 500 K, To, =300 K,
p2=101,300 Pa, c,=1000 J/kg K, g=9.81 m/s?, R=287 ]J/kg K, and f=0,
the solution for the inlet velocity is 239.5 m/s. The error in the com-
putational solution, which is essentially independent of number of
nodes because the solutions for density, velocity, and pressure are
linear with respect to z, is 0.26%. For f=0.05, the analytical solu-
tion for the inlet velocity is 5.111 m/s, and the computational solution
has an error of 0.0016%. If the chimney is nonadiabatic, heat loss
results in nonlinear changes in the flow variables with respect to
elevation. The solution now is sensitive to the number of nodes, N,
but there is no available analytical solution for comparison. Instead,
solutions with U =50 W/m? K for increasing values of N were com-
pared to a high-resolution solution with N =1001. The results showed
smooth convergence towards the high-resolution solution, with an
error of 0.12 percent for N=3 and an error of 1.6 x 10 percent for
N=51.

3.2. Results for the model RMH

Results are presented for a RMH with thermal and geometric
inputs listed in Table 3. Table 4 lists the values of h used for the results
presented. The burn duration for most results shown is five hours.
For a five-hour burn, a total of 225 nodes, and a time step size of
100 s, the run time on a desktop PC is about 4 seconds. Note that
the value of 13,500 W for (,,was determined by using a wood
heating value of 17 MJ/kg [20] and a feed rate of 2.85 kg/h.

A numerical model can be validated by showing convergence to
a constant solution as time step size and nodal spacing are de-
creased. Fig. 8 shows that as the time step size decreases the solution
for overall efficiency converges smoothly to constant value. Fig. 9
shows the similarity of the pressure solution for a coarse (N =150)
and fine (N =3000) resolution, indicating that the solution is not
strongly dependent on the number of nodes. Given these demon-
strations of the model’s spatial and temporal convergence properties,
subsequent results are given for N=225 and At =100 s. The number
of nodes in various sections of the RMH is as follows: 9 in the burn
chamber, 9 in the tunnel, 21 in the riser, 15 in the annulus, 63 in
the duct, and 108 in the chimney.

Fig. 9 shows how the elevation, pressure, and temperature change
throughout the system as functions of s. The pressure shows the
expected behavior of decreasing with distance due to frictional
effects, and fluctuations due to increases or decreases in eleva-
tion. As seen on the figure, the temperature remains constant through
the insulated sections, and changes across other parts of the system
as shown. The highest temperature, which occurs at the point of
heat input in the beginning of the tunnel, remaining constant until
the top of the riser, is 518 K. Considering the thermal resistance due
to the inside convection, conduction through the barrel, and con-
vection plus radiation on the barrel top external surface, the
temperature of the outside surface of the barrel top can be calcu-
lated to be 408 K, or 135 °C.

Fig. 10 shows how the mass temperature varies in the radial and
flow directions. Note that the cob inner surface temperature at the
duct inlet is 393 K, almost 100 K less than the gas temperature at
that point. This demonstrates the importance of good thermal contact
between cob and duct. For this case, the air gap is 1 mm. If we de-
crease the air gap to 0.1 mm, the maximum cob temperature
becomes 402 K, and if we increase it to 5 mm, the max tempera-
ture decreases to 379 K.
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Table 3
Thermal and geometric properties for the RMH.
Parameter Value Units
Thermal conductivities W/m K
Steel (barrel, duct, and chimney) 50
Cob 0.524
Thermal diffusivity for cob 3.5e-7 m?/s
Temperatures K
Inside air 288
Outside air 273
Surroundings 288
Chimney exit pressure 101,300 Pa
Rate of heat input from combustion 13,500 Y
Thicknesses m
Barrel thickness 1.22x 1073
Duct thickness 5.59x 10
Riser thickness 0.03175
Riser insulation thickness 0.03175
Airgap between cob and duct 1x1073
J-tube dimensions m
Burn chamber height, hpch 0.4064
Burn chamber width, wpcx 0.1778
Burn chamber depth 0.1905
Tunnel height, hen 0.1778
Tunnel width, wun 0.6096
Tunnel depth 0.1905
Riser height, hysr 1.2192
Riser depth 0.1905
Riser width, wys 0.1778
Barrel/riser gap, hgqp 0.05
Barrel diameter, Dpy 0.584
Barrel height, hpn 0.762
Duct diameter, Dgct 0.2032
Duct length, Lgct 4.0
Total chimney height, heam 7.0
Insulated chimney height 5.0
House height 6.0
Cob volume 1.36 m?
Number of elbows 2
Number of straight flow through tees 2
Number of branch flow tees 2
Log dimensions m
Diameter 0.065
Length 0.3
Roughness 0.0009
Number of logs, M 6
Elbow locations (x) 1.0, Lgee — 1.0 m
Branch tee locations (x) 2.0, Lgee - 2.0 m

Table 4

Numerical values for convection and radiation

coefficients.

Value,
W/m? K
Convection coefficient, hc
Inside barrel top 15.6
Outside barrel top 7.2
Annulus 34
Outside barrel side 4.8
Inside duct 9.1
Inside chimney 10.5
Outside mass 19
Outside chimney 5.0
Radiation coefficient, h;
Outside barrel top 7.2
Outside barrel side 5.9
Outside chimney 6.4
Between duct and inner 9.3
mass surface

Outside mass 5.0

0.12

0.08 *

0.06 *

percent error

0.04 - *

0.02 *

1 10 100 1000
At (s)

Fig. 8. Percent error as a function of time step size. Percent error is 100(xa¢ — Xo.1)/
Xo1, where Xo; is the overall efficiency for a five-hour burn with At=0.1s (77 =0.37918),

Of particular interest is the cool down period of the mass. Fig. 11
shows the average mass outside surface temperature for a 5 hour
burn and subsequent cool down period of 15 hours. The figure clearly
shows how the thermal energy continues to work its way through
the mass after combustion stops, causing a peak surface tempera-
ture at about 10 hours into the transient. At the end of the 20 hour
transient, the RMH is still producing a draft of 0.016 kg/s, down
from a value of 0.058 kg/s just before the end of the burn. Also
shown on the figure is the mass flow rate for the case where the
damper is left fully open for the entire transient (in practice, the
damper would typically be closed to contain heat). A sharp de-
crease is apparent when the heat source is extinguished, after which
the draft diminishes as the mass cools asymptotically to room
temperature.

A rule of thumb for RMH design is that the flow area should at
no point be less than the burn chamber inlet area. Of particular
concern is the area corresponding to the gap at the top of the barrel,
where the flow transitions from the riser to the annular space (this
dimension is not easy to control during a typical RMH construc-
tion). For the current configuration where the gap height is 50 mm,
the associated flow area is 0.037 m?, while the burn chamber inlet
area is 0.034 m?, which satisfies the rule of thumb. The gas mass
flow rate in this case is 0.058 kg/s. If the gap height is decreased
to 25 mm, the mass flow rate decreases by ten percent to 0.052 kg/
s. If the gap is further decreased to only 10 mm, the mass flow rate
diminishes by 47% to 0.031 kg/s. Fig. 12 clearly shows that for 10 mm,
the gap becomes the dominant loss.

Chimney height plays an important role in producing adequate
draft. Fig. 12 shows how the pressure is affected by decreasing the
chimney height to 2 meters, and eliminating insulation. The mass
flow rate substantially decreases to 0.026 kg/s, a 55% decrease from
a chimney height of 7 m. The overall driving pressure gradient is
substantially less, and the adverse pressure rise in the annulus
becomes a significant portion of the total pressure drop from inlet
to exit. It should be noted that the maximum temperature for this
case is 808 K, which is almost 300 degrees greater than the base
case. This means substantial temperatures must be developed in the
burn chamber to produce a draft. In all likelihood, the value of
13.5 kW for Q,, would not be attainable with this geometry.

A damper in the system can serve to restrict the flow of exhaust
gases and thus decrease the amount of heat that is lost through the
chimney exit. Fig. 13 shows how the overall efficiency increases with
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Fig. 9. Elevation, pressure, and temperature as functions of distance along the flow pat!
to demonstrate the insensitivity of the solution to the number of nodes. Note that the

h. Pressure solutions for coarse (N =150) and fine (N = 3000) grids are shown in order
pressure decreases sharply through the logs and in the branch tees, and rises in the

annulus as the elevation decreases. The sudden temperature rise due to the point heat input can be seen on the left of the lower plot, where temperature through other

parts of the system is also indicated.

increasing damper angle (zero degrees corresponds to fully open),
along with the diminishing mass flow rate.

As a final test the length of the duct and cob is increased to
determine the effect on overall efficiency of the RMH due to more
heat from the gas being absorbed by the mass prior to the gas
exiting through the chimney. Doubling the length from 4 m to 8 m
increases the efficiency significantly from 38% to 51%. A question
that arises is: what is the maximum length of duct that could be
used without impeding the draft potential? In order to answer this
question, a criterion would have to be developed to identify con-
figurations which are unlikely to result in adequate combustion.
Only a more sophisticated heat input model considering combus-
tion physics will help to answer this question, as addressed in the
next section.

4. Conclusions and future work

Many model enhancements are possible. A more robust non-
linear equation solver will eliminate the need for the trial-and-
error approach required to find an appropriate relaxation factor for
the successive approximation solution procedure. Also, the inclu-
sion of functions for the calculation of velocity- and time-dependent
heat transfer coefficients will avoid the need for pre-calculation and
input of these values, and should result in more accurate predic-
tions. In the current model the gas flow through the J-tube is
adiabatic, but in reality the firebrick forming the J-tube wall absorbs
heat from the gases until equilibrium temperatures are reached.
Modeling this will entail an unsteady treatment of the J-tube similar
to that currently used for the cob mass. The current model ignores



774 M. Schumack/Applied Thermal Engineering 93 (2016) 763-778

400 -

380

360

T(K)

340 -

320

300 -

0.2
0.26

r(m)

x (m)

Fig. 10. Temperature of the mass at the end of a five hour burn. The figure shows how the inside surface temperature decreases slightly in the direction of fluid flow, and

the significant temperature gradients in the radial direction.

the conduction heat transfer through the bottom of the mass into
the ground. To account for this boundary condition a three-
dimensional model would be necessary. Results show, however, that
axial variations in temperature are small, so a two-dimensional dis-
cretization may still be reasonable, with variations occurring in the
radial and azimuthal directions. A diversity of boundary condi-
tions could then be applied on the perimeter of the mass.

The model now takes as an input the firepower Q,,, but this is
not a factor entirely controllable by the user. For instance, if the user
increases the damper angle, the mass flow rate of air decreases,
which in turn decreases the burn rate. A more thorough modeling
of combustion physics must be undertaken to understand the con-
ditions (limiting values of duct diameter and length, chimney height,
barrel gap height, annulus area, etc.) under which combustion

Fig. 11. The average mass outside surface temperature as a function of time. The fire is extinguished at t=>5 hours. At 20 hours, the mass is still releasing heat into the
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room. The peak mass temperature occurs at about 10 hours, at 21 °C, six degrees warmer than the ambient.
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Fig. 12. The effect of gap height between riser and barrel top and chimney height on spatial pressure variation. The high chimney is 7 m and the low chimney is 2 m.

becomes unsustainable, or under which a proper draft is
unattainable.

The proposed compressible flow model provides a fast, reason-
able demonstration of how RMH performance is influenced by
changes in various inputs. Of course, a more rigorous model using
Computational Fluid Dynamics (CFD) software may provide more
realistic results, but this option is only accessible to CFD special-
ists willing to invest the time and effort required for three-
dimensional mesh creation and other modeling details. The
algorithm, which is relatively simple to program, provides quick
results and allows straightforward adjustments to account for

geometry changes and other inputs. Its simplicity also makes it suit-
able for a web-based calculation tool that could be developed for
use by nontechnical users interested in RMH design.

The model compares well with analytical solutions to a simpli-
fied geometry and shows convergence in both time and space. What
is still lacking, however, is a rigorous comparison with actual RMH
thermal measurements. This comparison will allow necessary ad-
justments to loss and heat transfer coefficients or other model
aspects to bring the results in line with reality. Once the model is
validated in this way, it will become a useful design tool for the RMH
community.
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Fig. 13. Mass flow rate and overall efficiency as functions of damper angle.
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Appendix A

Derivation of the equation for inlet pressure.

We are interested in deriving the expression that relates the ex-
terior pressure at the chimney exit, p,, to the pressure at the inlet
to the chimney (or burn chamber), p;;. See Fig. Al.

The inside and outside temperatures T;, and T, are assumed to
be constant. The house height is h, and the chimney height is H. We
assume that the neutral pressure level for the house is at point 3,
SO P30 = P3; = p3. Using the expression for pressure variation with el-
evation z in a stagnant fluid, dp = -pgdz, along with the ideal gas
equation, p=p/RT, gives dp/p =-g/RT dz. Integrating between the
points corresponding to pi1, and p, and solving for p2/p1, gives

D2 _ ( gH )
——=exp| - (A1)
pl,u p RTaut

Likewise, integrating between points 1,i and 3,i leads to

P _ exp(— gh j (A2)
Dij

and integrating between 1,0 and 3,0 gives

D3 _ ( gh )
=exp| - (A3)
pl,o p RTout

Combining these three pressure ratios leads to the following
relationship:

Dui _ g i H_hﬂ Ad
P, ‘exp[R(ﬂ o (A4)

The argument for the exponential is small, typically on the order
of 1x107. The first two terms of the series expansion for an ex-
ponential can thus be applied, leading to

h _H-h
SIS (sl e

Note that occasionally it is claimed that for an RMH the chimney
height H can be less than house height h. In this case the last term
in the equation serves to decrease the overall driving pressure force,
resulting in a possibly significant decrease in draft potential.

out

Fig. Al.

Appendix B

Derivation of the equation for mass flow rate in a simple verti-
cal adiabatic chimney with a point heat source just upstream of the
inlet.

We analyze a vertical chimney of height h and constant diam-
eter D. See Fig. B1.

Assuming that the chimney is adiabatic and mechanical energy
terms in the energy equation can be neglected, the temperature
throughout the chimney is T = T;,. The continuity, ideal gas, and mo-
mentum equations are [16]:

w.do_g (B1)

vV p

p=pRT (B2)
2

dp + pvdV +pgdZ+pv7%=0 (B3)

For T = constant, Eq. (B2) gives dp =RTd p. Substituting this into
Eq. (B3) and dividing by density gives

2
RT@+VdV+gdZ+V—@=O (B4)
p 2 D

Using Eq. (B1) to substitute for dp/p leads to

2
1% v % 0 (B5)

—RT—+VaV + gdz+—
T +8dz+ =

We now assume that the friction factor is constant, and that V
in the fourth term can be assumed to be constant with a value of
V = (V;+V,)/2, so that Eq. (B5) can be integrated from z=0 (point
1) to z=h (point 2) to give:

Vy) 1 1(V,+V, ¥
_RTln[V—?)+§(V22_V]2)+gh +%’§(%) -0 (B6)

Combining the continuity equation p;V; = p,V> and the ideal gas
equation for constant temperature p;/p; = p»/p. to eliminate density
gives V,/V1 = p1/p2. Eq. (B6) can then be solved for V; in terms of the
pressure ratio p1/pz:

A
2 -
I
az ¥ h
n Z
out
A
1 r

Fig. B1.
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RTln[&) —gh

D2

Vi= |2 (B7)
(&)2 —l+ﬁl(1+ﬂ)2
D2 D4 b2
The pressure ratio can be expressed as (see Appendix A):
ﬂ=exp( gh ) (B8)
pZ RTout

Recalling that T = Ti,, Egs. (B7) and (B8) can be combined to give

zgh(TmT_ Tout )
Vl — out (Bg)

2 2
(ﬂ) —l+ﬁ(1+ﬁj
D2 4D D2
Several observations can be made regarding Eq. (B9). The argu-
ment for the exponential in Eq. (B8) is small (on the order of 1 x 103).
The exponential term can thus be approximated as the first two

terms in the series expansion for e: exp(¢€) = 1 + &, where £=gh/
RT,y, SO p1/p2 can be substituted with 1 + £ and Eq. (B9) becomes

T, - T,
zgh( m out)
V= Tout (B10)

(1+g)2—1+%(2+5)2

Expanding the denominator of Eq. (B10) and neglecting £ terms
gives

Tin - Tout
Tout

(B11)

Two cases can be observed. Setting f=0 and substituting for &
leads to

Vl = \)R (Tin _Tout )

This equation indicates that for frictionless flow, the velocity
depends only on the inside and outside temperatures and not the
chimney height.

For nonzero f, if we assume fh/D is O(1), Eq. (B11) is simplified

(B12)

to

ng Tin _Tuut

Vi=, | ——
NS ( Tou J
where, again, the solution for velocity is independent of h. If

instead we write f as a loss coefficient based on the chimney
height:

(B13)

K :fﬁh (B14)

the expression for V; becomes

V= /@(M) (B15)
KL Tuut
Multiplying by area gives the volumetric flow rate:
VA Lgh(Tm‘Tourj (B16)
KL Tout

Eq. (B16) is similar to Agenbroad’s expression for chimney flow
rate [15], except the quantity 1//K, replaces Agenbroad’s loss co-
efficient, C. It should be noted that the frictionless case (K; = 0) cannot
be accounted for using this equation. The proper equation for fric-
tionless flow is Eq. (B12).

Nomenclature

A area

Bi Biot number
Cp specific heat

hydraulic diameter

e relative roughness

f friction factor

Fo Fourier number

g acceleration due to gravity

h house height

hei inside convection coefficient
heo outside convection coefficient
h, radiation heat transfer coefficient
H

k

chimney height

thermal conductivity
K loss coefficient
Lact duct length
m mass flow rate
N total number of nodes
Nu Nusselt number
p pressure
P perimeter
Pr Prandtl number
r radial coordinate
R ideal gas constant
Ra Rayleigh number
Re Reynolds number
Q heat transfer rate
S gas flow path coordinate, s =0 at burn chamber inlet
t time or thickness
T gas temperature
Tin inside temperature
Tm mass temperature
Tout outside temperature
Ts surface temperature
Tsur surroundings temperature
Te air temperature
U overall heat transfer coefficient
Vv speed
X gas flow path coordinate, x =0 at duct inlet
z elevation
Symbols
o thermal diffusivity
B volumetric thermal expansion coefficient
€ emissivity or tolerance
n efficiency
u absolute viscosity
% kinematic viscosity
p density
v volume
o Stefan-Boltzmann constant
0} relaxation factor
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