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ABSTRACT - Conducting experimental studies with prototypes is both costly and time-
intensive. Scaled-down models can be used for initial experiments. However, scaling requires
high precision and clarity. The present study aims to evaluate and compare various scaling
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approaches for predicting prototype results and to relate the temperature distribution of the Published 30t Mar. 2025
scaled model to that of the prototype. Steady-state simulations were carried out using the
k—¢ turbulence closure model and the probability density function approach. Temperature KEYWORDS
profiles and stream traces from different scaling methods were compared to identify the Prototype
optimum scale-down method. Simulation results showed a change in the position of the Harwell combustor
combustion core; the radial temperature profiles for scale-down models with 50% heat input Scale down methods
showed a significant deviation of about 85% at an axial position of 0.1 m, while for the rest of Non dimensional temperature
the axial positions, the difference was less than 7%. The results reveal that geometrically Constant resident time

larger models align more closely with experimental data, particularly when using the Constant
Residence Time (CRT) method, compared to smaller-scale models. To account for the
dependency of temperature on energy input and energy release at specific locations within
the combustor, a non-dimensional temperature variable, 6 was introduced. A comparison of
results indicates that the CRT method effectively scales down the combustor, showing strong
agreement with experimental data from the literature. The variation in 6 for scaled-down
models aligns closely with prototype and experimental results, with maximum deviations of
17%. This suggests that 8is a novel and effective variable for establishing reliable connections
between scaled-down models and prototypes.

1. INTRODUCTION

The scale-down model offers an economical way to conduct experiments compared to a full-scale combustor
geometry. Research on scaling up combustors is more general, while studies on scaling down models are rare [1]. The
important aspects of scaling are the similarity of nondimensional numbers and the scaling methods. It is essential for
designing experiments and simulations that scaled-down or scaled-up models accurately reflect the prototype
performance. Scaling up from laboratory to industrial scale involves complexities that cannot be fully captured by a single
scaling method having different capacities and conditions. Earlier investigators used different combustors [2-6]. However,
the Harwell furnace is widely accepted [7-10] for its simplicity for fundamental studies. The earlier investigators have
presented scaling of the combustor using Constant Velocity (CV) and Constant Residence Time, Constant VVolume to Jet
Momentum Ratio (CM), and Constant Volume to Jet Kinetic Energy Ratio (CK). The investigation by Suksam and
Charoensuk [4] examined CV and CRT criteria for pulverized coal, gaseous fuel, and spray oil. They observed that the
CV approach increased NOx emissions due to higher retention times. The CRT and CM criteria indicate that increasing
air and fuel supply results in intensified pressure within combustors [4, 5, 11, 12]. Scale-up studies comparing CM, CRT,
CK and CV criteria are reported in the literature. It was suggested that the burner diameter scaled using the CV method
is valid for higher thermal input, while the swirler should be scaled using the CRT method [13].

A large number of scale-up studies are devoted to combustors [2]. Earlier studies have been carried out on a large
span of heat input, for example, from 30 kW to 12 MW [4], 2.5 and 50 MW [14]. The scaling is performed in the range
of 35 kW to 150 kW [15] and 30 kW to 12 MW [16], demonstrating a significant scale-up of a combustor [17]. More
modest scale-up studies range from 3 to 150 kW and 5 MW/m3 [12], 4.75 to 700 kW [3] and 0.58 MW to 5.8 MW [4]
are also available. Scaled-up studies are carried out on a larger scale from a base combustor of 3.3 kW to 26 kW [18], 10
kW to 500 kW [5] and 7 kW to 14 MW [19] are reported in the literature. Forming a recirculation zone downstream near
the inlet is a crucial factor in the design and operation of the combustor [12,18]. The recirculation zone plays a significant
role in mixing, flame stabilization, and combustion. The scaling-up combustor geometry significantly changes the
location and rate of recirculation. A scaling-up study by Richter et al. [20] presented a laboratory-scale to semi-industrial-
scale study focusing on the inner recirculation zone (IRZ). Through-flow similarity, considering dimensionless surface
variable (dimensional less area, the ratio of IRZ surface area to quarl surface area) and velocity variable (ratio minimum
velocity in IRZ to mixture velocity), IRZ and reaction are approximately kept in the same area in prototype (original
combustor) and scale model. In an earlier study, the dimension is scaled using CV, showing the recirculation rates drop
from 280% to 190% while using CRT, the recirculation rates drop from 280% to 220%; the increase in secondary flow
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enhanced by 153% to 230% [18]. It was concluded that the new nondimensional number does not provide a significant
benefit compared to established correlations. The CV and CRT methods have good potential and merits [15], [19], while
CRT would be recommended in the context of pulverized fuel burners [19]. A scale-up study for biomass furnaces is
presented using characteristic numbers obtained using dimensional analysis. However, the results obtained from the CFD
simulations are expected to conform to the scale-up model [15].

The CV method has primarily attracted researchers to investigate the effect of scaleup on emission, particularly on
NOx. The pulverized fuel jets (found in rotary kilns) are scaled using the CV model. The velocity, temperature profiles,
and combustion settings are correctly scaled. However, the CV model is unable to predict NOx formation from pilot-scale
facilities to commercial scale [19]. In the study of Suksam and Charoensuk [5], the NOx emission using CV is higher
than CRT due to higher resident time, while CRT yields similar results to the original prototype. CM and CK are advocated
in literature for scale-up, particularly for high input [2]. Turning to scale-down studies, Xie et al. [1] presented a numerical
and experimental study with geometric scaled-down models of rectangular combustors from 1/2 to 1/10 using Damkdhler
numbers, D,  and Reynolds number, R, similarities. It is reported that R, law is a good choice for cold flow analysis,
while for reactive flow, R, law gives a significant difference in the flow field due to changes in velocity [21,22]. Reported
works on the ability of nondimensional numbers to predict flow physics in prototypes and models conclude that complete
modeling is unfeasible due to the involvement of more than one nondimensional number [18]. Previously reported work
on scaling is noteworthy, but the full understanding of scaling principles, especially in combustion systems, remains
unclear and needs further investigation. Combining methods or a new approach might help to scale across a wide range
of geometrical sizes accurately. No explicit guidelines are available for the suitability of a particular scaling method for
a combustor. The philosophy that bridges between results obtained from the model and prototype is not clear. The present
work is aimed at filling this gap. The aim is to conduct a numerical investigation to identify, evaluate, and compare
various scale-down approaches for predicting results for the prototype and propose a technique to relate the model results
with that of the prototype.

2. MATERIAL AND METHODS

In the present study, the cylindrical prototype of the Harwell furnace, as shown in Figure 1, which has a 300 mm
diameter, is considered for numerical analysis. Methane is used as fuel, and the air is used as an oxidizer. The total length
of the furnace is 900 mm. Fuel is injected into the furnace through a 12 mm diameter central core located on the extreme
left face of the furnace. The air required for combustion is introduced through the annulus area located concentrically
with the fuel inlet area. The inner and outer diameters of the air annulus area are 16.5 mm and 27.5 mm, respectively. The
reactive mixture exits the furnace outlet on the extreme right side. The outlet section has a diameter of 88 mm. Figure 1
shows the detailed geometric configuration of the Harwell furnace, including features for the air and fuel inlets, as well
as the overall dimensions. Various scaling methods are used to scale down the above prototype of the Harwell furnace.
These scaling methods are described in the following.

900 mm !

- [
< >

16.5 to 27.5 mm
Air Tnlet. l 6 mm

Figure 1. Schematic diagram of Harwell furnace [23]
2.1  Cole Method

In the Cole method, the jet mixing rate and jet natural frequency are maintained constant between the fluid jets of the
prototype and that of the model [3]. In this method, the first scaling factor, S is fixed. S is the ratio of the model geometry's
central fluid jet volumetric flow rate, Q- to the prototype geometry, Q.. Using this scaling factor, all the geometrical and
velocities are calculated. The modeled jet velocity, V, and geometrical dimension, D, are derived using the following
equations.

v, 1
v, (5)2 1)
D, 1
D, = (5)* 2

Despite geometric size and energy input differences, these scaling laws ensure that the fluid flow dynamics and
combustion characteristics are similar for the model and their prototype.
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2.2  Constant Volume-to-Jet Momentum Ratio

This method keeps the combustor volume to incoming jet momentum and recirculation ratio constant between the
model and prototype. The model's velocity and geometrical scaling are derived using the following equations:

= () (1)
= (o) 2)

For the CM scaling method, scaling ensures that the momentum is consistent between the model and the prototype [18],
which is crucial for maintaining similarity in fluid flow and combustion characteristics.

2.3 Constant Volume-to-Jet Kinetic Energy Ratio

This method keeps the combustor volume to incoming jet Kinetic energy ratio constant between the model and
prototype. The recirculation ratio, R, which satisfies CV and CRT criteria between injector diameter, D and combustor
length, L is maintained constant. For a non-reacting turbulent jet, R is given as:

L
R, x D (©))
The velocity and the geometrical scaling between the model and the prototype are given as:
D, 3
D, = (8)7 (4)
V, 1
v, )7 ®)

For the CK scaling method, scaling ensures that the momentum and recirculation ratio is consistent between the model
and the prototype. This is crucial for maintaining similarity in fluid flow and combustion characteristics [18].

2.4  Constant Resident Time

In constant resident time [24], the time scale of mixing, t,,,;, IS proportional to the ratio characteristics dimension to
velocity given as:

D
Tmix = CcOnstant = 7 (6)

For the CRT scaling method, the focus is on maintaining the mixing time of the combustible mixture within the combustor.
The CRT method ensures that the time available for the fuel and oxidizer to mix and react is similar in both the model
and the prototype, preserving the kinetics of the combustion process.

The scaling relation for combustor dimension and velocity are given as:

D2 l
D, =(5)3 (7)
v, 1
V.o (5)3 (8)

The model developed using CRT may result in larger velocities and significant pressure drops compared to the prototype
[12].

2.5 Constant Velocity Method

The constant velocity method [8,9,12] maintains the velocity ratio between the model and the prototype. The scaling
relationships are given as:

2% (sy2 ©
D,
%
-2 = constant (10)
Vi

The CV method reduces the energy rate [5]. The CV method analysis results in a significant pressure drop and predicts
higher CO and NOx emissions than the prototype [6]. The present study examines how scaling down the combustor
geometry impacts temperature distribution. Initially, simulations are conducted by reducing the energy input of the full-
scale prototype from 55.73 kW to 50% (27.86 kW). Simulations are carried out using scaled velocity and geometrical
dimensions using Egs. (1) to (12). The inlet conditions derived for every modeling approach are listed in Table 1. These
details are used for numerical simulation considering different scale-down approaches. In Table 1, Q is the heat supplied,
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Uf is the velocity of fuel, Rf, is the radius of the fuel inlet, Uair axial and Ut is the axial and tangential velocity of air,
Rair inner, Rair outer, R outlet, and Rmax are the inner, outer radius of air, radius of outlet and maximum radius of
combustor, L is the length of combustor, Q™ is the energy input per unit volume. A 2D axisymmetric flow domain is
generated, and governing equations are solved using a commercially available CFD tool of Fluent.

Table 1. Model dimensions and flow variables for 50% energy input

Velocity Scaling Factor constant 0.7937 0.8706 0.9057 0.7071

. . 0.7071 0.7937 0.7579 0.7430 0.8409
Geometric Scaling Factor  Full scale

cv CRT CM CK Cole

Q (kW) 55.73 27.86 27.86 27.86 27.86 27.86
Ur (mfs) 15.00 15.00 11.91 13.06 13.59 10.61
Ry (mm) 6.00 4.24 4.76 4.55 4.46 5.05
Uy axial (m/s) 12.80 12.80 10.16 11.14 11.59 9.05
U, (m/s) 6.27 6.27 4.98 5.46 5.68 4.43
Rair inner (MmM) 16.50 11.67 13.10 12.50 12.26 13.87
Rair outer (MM) 27.50 19.45 21.83 20.84 20.43 23.12
Ryytier (MM) 44.00 31.11 34.92 33.35 32.69 37.00
Rpnax (MM) 150.00 106.07 119.06 113.68 111.45 126.13
L (mm) 900.00 636.40 714.33 682.07 668.70 756.81
Q" (MW/md) 0.88 1.24 0.88 1.01 1.07 0.74

2.6 Numerical Model and Grid Independence Study

In the present numerical investigation, simulations are carried out using an axisymmetric, steady-state framework with
a pressure-based solver. The general implementation of the governing equation used for a solution using ANSY S® Fluent,
Release 2024 R1, is summarized here.

The equation for conversion of mass is given by:
a(pty) 4 a(puy) 4 () _ 0 (11)
ar 0z r

p represents the time-dependent change in mean density d(pu,)/dr and d(pu,)/dr radial and axial convection term,
(pu,)/r geometric divergence term arises due to the cylindrical geometry of the combustion chamber, s,,, is due to a
change in mass due to an air-fuel chemical reaction

The momentum equation is given by:
N
ﬁﬁ.Vﬁ=—|7p+|7‘[+pz Zkak+|7.|ﬁ(ﬁﬁ—fm)| (12)

where, pii. Vii or is the convective term, —Vp is the pressure gradient term, V. T is the viscous stress terms and p (@it —
un) is the scaler flux.

The governing for turbulence kinetic energy, K is given as:

L0@pTk)  0(pTk) 10 ( ) ak) )

- |rpD effa &

oD ok G,+G pe+ S (13)
r or 0z r or ('D eff6_2)+ by = pEF Sk

Effective diffusivity, D..,) is used for modeling scalar mixing, species diffusion, and thermal transport. The u is the
molecular diffusivity, u, is the turbulence viscosity, Sc; is the turbulence Schmidt number. G, and G, are the generated
turbulence kinetic energy due to velocity gradient and buoyancy and S, is the source term.

u

Depr=p+ j (14)
k2

Us = ﬁCH? (15)

The governing for dissipation of turbulence kinetic energy, ¢ is given as:

1 0(rp Wye) a(ﬁﬁ;s) 19 de o /_ de € _&?
= : + (Tp eff or ) a_Z (p Deff a_Z) + ClsE(Gk + GbC3£) - C2£p ? + SE (16)

where, C,=1.44, C,,=1.92, C,=0.09, 0;,=1.0, and o ,=1.3. The S is the source term.

r or 0z T ror
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The non-premix combustion model is used with the assumption of no heat loss to the surroundings (adiabatic). The
individual species equation is not solved, but the transport equation for the mixture faction is solved, and it is given by:

The mixture fraction, f is calculated as:
Zi = Zjox
f=r"7T— 17
Zi,fuel — Zjox ( )
where, z; is the element mass fraction for an element i, the oxidizer mass fraction is z; ,, and z; f,,¢;. The transport
equation for mixture fraction with equal diffusivity of species:

éotf + (V f) =V. {[_ +— Vf]} + Suser define (18)

where, Kk, ¢,,, o, and . are the laminar thermal conductive of fuel-air mixture, specific heat, Prandtl number, and turbulent
viscosity, respectively. sy ser gefine 1S the source term.

The conversion of mixture fraction transport of mixture fraction variance, f'2 equation is given by.
(v. puf’z) =V. {[— ]Vf’z} + Cqls. [Vﬂ —Cap— f’2 19)

where, f' = f — f . The default values for the constants o, g, Cq are 0.85, 2.86, and 2.0 respectively.
The PDF model is calculated using the following equation in the present simulation.

ferA-fF
p(f) = -7 5T
J et = f)F-tdf
where, p(f) is the shape of the PDF function, and « and 8 are shape parameters. The species fraction and temperature
are obtained using a predefined table with f.

(20)

The first-order spherical harmonic (P1) approximation of the radiative transfer equation is used in the present
simulation. The basic Radiative Transfer Equation (RTD) for a participating medium is given by:
dl
= 21
L Kkl + kG (21)

where | is the intensity of radiation, L is the path length, G is the intensity of black body radiation (¢T*/m), and x is
absorption coefficient, which is expressed as:
N
= z Qe Ki (22)
i=1

i=
where N is the number of grey gas, ac; is the weighting factor for i grey gas, k; is the absorption coefficient of the i"
grey gas.

The total emissivity, € of the gas over a path length, L is given by:

N

e= Z ac; (1 — e¥iPl) (23)

i=1
where absorption coefficient a ; is estimated from the following equation:

(1-¢)
L

QAei = — (25)

The beam length or optical, L is calculated as,

1%
=36 — 26
L36A (26)

where V is the fluid volume, and A is the surface area of the flow domain

The inlet velocity of air and fuel is supplied as the velocity-inlet, and outlet pressure is applied at the exit of the
combustor. The turbulence in the fuel-air mixture is modeled using the k- e model with enhanced wall treatment [25]. A
no-slip condition is applied at the wall of the flow domain. The inlet velocities utilised in the present work are taken from
the work of Hosseini et al. [26]. Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm is employed
for pressure-velocity coupling. The diffusion term is handled using a first-order upwind scheme. Radiative heat transfer
within the furnace is modeled using the P1 radiation model. The boundary conditions used for the simulation of the full-
scale model are specified in Table 2. At the air inlet, both the axial and tangential velocity components are specified. At
the fuel inlet, the axial fuel velocity is assigned. The combustor outlet is designated as a pressure outlet with a specified
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zero (gauge) pressure condition. The mesh for the simulation is developed using a facility available in ANSYS® Fluent,
Release 2024 R1. A grid independence study is conducted to remove the dependency of numerical results on grid size. In
the present study, temperature is chosen as a grid independence variable. Its variation along the furnace axis is obtained
and plotted for three different grid sizes: 159402, 216,000, and 314,400 elements. The temperature variation profile for
2,16,000 elements deviates largely by around 9% (for Z=z/L > 0.1) compared to the 159402 elements case. The
temperature variation results obtained using 3,14,400 elements are comparable to 216,000 elements. Maximum deviations
are below 3% for axial position Z > 0.1. Thus, a mesh with 216000 nodes is selected as a grid-independent mesh.

Table 2. Boundary conditions with full-scale furnace
Axial Velocity Tangential Velocity

Surface (ms) (mis) k (m?/s?) & (m?/s®)
Air inlet 12.8 6.2695 0.790 255.67
Fuel inlet 15.0 - 0.540 79.38

Outlet - - 0.004 0.14

3. RESULTS AND DISCUSSION
3.1 Validation

Axial and radial temperature profiles obtained from the present simulation using full-scale geometry (prototype) in
Figure 2 are compared with experimental results reported by Wilkes et al. [23]. The same is presented in Figure 2(a),
which represents non-dimensional axial (Z = z/L, where L is the scaled combustor length) temperature variation. The
captured axial temperature profile agrees well with the reported experimental results. Figure 2(b) to 2(e) compares radial
(R = r/Rpy4x, Where R, IS the maximum radius of the combustor) temperature profiles at various non-dimensional
axial stations located at Z = 0.044, 0.11, 0.22, and 0.44, respectively. At Z = 0.044 and Z = 0.11, some discrepancies in
nature and deviations in temperature values are observed. Locations Z = 0.044 and Z = 0.11 are very close to air and fuel
jet entry and mixing and radial expansion of these jets.
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Figure 2. Validation of present simulations: (a) axial variation, (b) Z =0.044, (c) Z = 0.11, (d) Z = 0.22 and (e) Z = 0.44
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Thus, flow physics and chemistry are relatively complex in these regions, which may be the reason for deviation. At
stations Z = 0.22 and Z = 0.44, radial temperature profiles agree with the experimental one reported by Wilkes et al. [23].
The comparative assessment of temperature profiles presented in Figure 2 indicates that the results of the present
simulations closely align with the experimental investigation by Wilkes et al. [23]. The temperature profiles at some
locations deviated from previously reported results by a maximum of 20%. Thus, the computational philosophy used can
resolve the involved reactive flow physics.

3.2 Comparison of Temperature Profile for Scaling Methods

Laboratory scaled model dimensions are derived using various approaches discussed above in the section on scaling
methods. All these approaches keep the energy input at 50% of the full-scale model. The dimensions of the scaled-down
models and associated flow and energy parameters are tabulated in Table 1. These values are used to develop the flow
domain and assign boundary values at respective inlet and outlet boundary surfaces. A steady-state simulation is
developed for each scaled-down model, and the results are compared with numerical results obtained from the prototype.
Figure 3 presents nondimensional axial, Z and radial, R temperature variations. Figure 3(a) illustrates the axial temperature
variation for different scale-down modeling approaches at R = 0.2. The temperature increases as the flow progresses
toward the exit of the combustor. The minimum difference between the prototype and the models is less than 28% (for
CV and CRT), while the difference between CRT and other methods is as small as 3%. These deviations are likely due
to differences in geometric dimensions, equivalence ratios, and combustion efficiencies. The CRT temperature profile
shows the closest agreement with the prototype. At station Z = 0.044, temperature profiles for all scaling methods nearly
overlap and closely match the experimental results. At Z = 0.11 and R = 0.3 (Figure 3(c)), a significant temperature
difference is observed between the models and the prototype, with deviations reaching nearly 85% for CM and CRT and
at least 38% for CV and CK.

2(]00_||||||||||||||\||_ 2000_||||||||||||||\||_
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Figure 3. Scale-down studies, 50% energy input: (a) R =0, (b) Z =0.044, (c) Z=0.11, (d) Z=0.22 and (e) Z = 0.44
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There is a clear distinction between two groups of profiles: the prototype, CV and CK versus CM and CRT.
Examination of the temperature contour in Figure 4 reveals a downstream shift in the combustion core compared to the
prototype. This shift results in higher temperature peaks for CRT and CK. The temperature differences diminish as the
flow approaches the combustor wall. In Figures 3(d) and 3(e), the temperature profiles are much closer, with a maximum
deviation of about 7% when comparing the prototype to CRT. This reduced difference can be attributed to the completion
of the combustion process within the combustor. These deviations can be explained by the underlying flow physics, which
depends on geometric dimensions and energy inputs. In the furnace studied, air and fuel expand radially upon entering
the combustor, creating corner and central recirculation zones. These zones are clearly visible in stream traces and
temperature contours shown in Figure 4. The strength, shape, and dimensions of these recirculation zones vary between
scale-down models, leading to turbulence levels and effectiveness changes. As a result, reduced energy input and altered
turbulence contribute to the temperature profile deviations observed in the scaled models compared to the prototype.
Figures 3(b) through 3(e) compare radial temperature distributions at various nondimensional positions. Except for Z =
0.044, none of the scale-down approaches closely match the experimental temperature values. The primary causes of
these deviations are altered flow characteristics and reduced energy input. Among all the scale-down models, the CRT
model most accurately represents the overall trends of the temperature profile, particularly at nondimensional positions
Z =0.22and Z = 0.44.

3.3 Comparison of Temperature Contours and Stream Traces

Figure 4 compares streamlines and temperature contours for specific cases with 50% of the total energy supplied for
the scale-down with the prototypes. In each case of Figure 4(a) to 4(e), the upper part represents results obtained from the
prototype, while the lower part indicates the contour distribution obtained from a specific case. As presented in Figure 4,
all cases of scale-down methods produce three recirculation zones, except for the Cole method, where fluid velocities and
energy input are lower. Of the three recirculation zones, two (corner recirculation zones) are in the corners, and one
(central recirculation zone) is at the axis near the fuel and air jet entry. The central one is larger and more prominent
among all recirculation zones, while the corner recirculation zone near the exit is weaker and smaller. This arrangement
of vortices influences the main flow, causing it to bend towards the upper wall of the geometry. These vortices are critical
in all scenarios, as they play a significant role in mixing fuel and air, flame holding, and fuel burning, which is essential
for efficient combustion. The bending of the main flow towards the upper wall suggests that the flow dynamics are
complex and that the design of the combustion chamber must accommaodate these patterns to ensure optimal combustion.

I B

Temperature 400 600 800 1000 1200 1400 1600 1800 2000

z
0 0.2 04 06 08

r (m)

r (m)

Figure 4. Stream trace and temperature distribution for 50% energy input with full-scale geometry: (a) CRT, (b) CK,
(c) CM, (d) CV and (e) Cole

The expansion and acceleration of the flow at the outlet of the combustion chamber are also noteworthy, as these
characteristics can impact the overall performance of the combustor, including its emissions and efficiency. The central

journal.ump.edu.my/jmes 10515



A. B. Makwana et al. | Journal of Mechanical Engineering and Sciences | Volume 19, Issue 1 (2025)

recirculation zones captured by the CK, CV and Cole methods are smaller than those in other scale-down geometries.
Thus, the inappropriate prediction of this zone results in deviations in the temperature profile, as presented in Figure 3.
Results for reduced energy input to 50% showed different combustor dimension values (R,,4,=126 mm to 106 mm, L =
756 mm to 636 mm), as tabulated in Table 1. The heat flux density, Q"' of 0.88 MW/m? for the full-scale geometry and
the CRT method are the same but differ for other methods. The shape and size of the recirculation zone and temperature
contours captured by the CRT method are comparable to those of the prototype. The CRT method also closely represents
trends in temperature distribution, as shown in Figure 3. Thus, the CRT approach is the optimum choice for developing
a scale-down model required for laboratory tests. The CRT method with 50% energy input results in a model geometry
with an outer radius of 119.06 mm and a length of 714.33 mm. These dimensions are still large enough for a laboratory-
scale model. To minimize the model dimensions further, the energy input is reduced to 7.30 kW. Table 3 represents the
reduced model dimensions for this energy input. The outer radius reduces to 76.18 mm. Numerical simulations with these
reduced dimensions are performed. Trends in the temperature profile are compared for the prototype, CRT with 50%
energy input (D = 238.12 mm), CRT with a diameter of 152.4 mm (7.30 kW), and experimental results of Wilkes et al.
[23].
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Figure 5. Axial and radial temperature distribution: (a) R =0, (b) Z = 0.044, (c) Z =0.11, (d) Z = 0.22 and (e) Z = 0.44

3.4  Comparison of Temperature Profile for CRT

A reactive numerical simulation is carried out for the model with dimensions and flow variable values shown in
Table 3. A comparison of the temperature profiles is shown in figure 5. As shown in Figure 5(a), the predicted axial
temperature profiles deviate considerably near the inlet and exit of the furnace geometry. For CRT (D = 152.4 mm), the
deviation from the prototype results is maximum. In reactive physics, the increase in temperature also depends on the
energy released and input. In CRT (D = 152.4 mm), the energy input is only 7.30 kW compared to 55.73 kW in the
prototype. This low energy input is the primary reason for the lower maximum temperature value and significant deviation
in CRT (D = 152.4 mm).
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Table 3. Model dimensions and flow variable for D = 152.4 mm using the CRT method

Velocity Scaling Factor ~ ----—-—-- 0.5079
Geometric Scaling Factor ~ -—-—----- 0.5079
Full Scale CRT
Q (kW) 55.73 7.30
Ur (mfs) 15.00 7.62
R; (mm) 6.00 3.05
Uyir axial (m/s) 12.80 6.50
U, (mfs) 6.27 3.18
Ruir inmer (MM) 16.50 8.38
Rair outer (Mm) 27.50 13.97
Routier (Mm) 44.00 22.35
Ropay (M) 150.00 76.18
L (mm) 900.00 457.08
Q" (MW/md) 0.88 0.88
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Figure 6. 6 profiles for different non-dimensional locations: (a) R = 0, (b) Z =0.044, (c) Z = 0.11, (d) Z = 0.22 and

(€) Z = 0.44

Radial temperature profiles at station Z = 0.04 and Z = 0.11 are comparable with acceptable deviations. Significant
deviation is observed at these stations up to the dimensionless position R =0.2. At Z = 0.22, CRT (D = 152.4 mm) shows
a noticeable difference compared to other cases. At the dimensionless position Z = 0.44, both scaled-down approaches
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underpredict the temperature value; however, the trends in temperature distribution are comparable. Overall, there is a
considerable deviation between the temperature profiles of CRT (D=152.4 mm) and that of the prototype. The temperature
profile largely depends on the intensity of combustion, which is influenced by the rate of flow expansion from the inlet
to the test section, the geometrical features of the combustor, the air-fuel ratio, the velocity of air and fuel at the inlet, the
penetration of air and fuel into the test section, and other factors. Scale-down geometry suffers from reduced dimensions,
low energy input, and weak heat generation. Due to this, the absolute temperature profiles of the prototype and scaled-
down models do not match. A novel non-dimensional temperature profile is defined to address the above-mentioned
dependency on temperature.

0 = [(Tcell - Too)/(Tadi - T )] (1)

[(Tcell CP/CV)]

where, T,,;; is the respective cells' temperature obtained from numerical analysis, and Tadi is a particular fuel adiabatic
temperature (2230 K). The C is the specific heat (2150.7 J/kg-K) of the air-methane mixture, CV is the calorific value of
methane (50 MJ/kg), and T, is the inlet temperature (295 K). Variations of 6 are plotted and presented for the
experimental results of Wilkes et al. [24], scale-down methods CRT with 50% energy input and CRT (D = 152.4 mm).

3.5 Dimensionless Temperature Variations

A novel dimensionless variable, 6 for temperature, addresses temperature dependency on energy generated and energy
input to the reactive system. Variations 6 are presented in Figure 6. Figure 6 (a) shows that 8 variations are comparable
for the experimental results, prototype, and CRT with 50% energy input. For CRT (D = 152.4 mm), there is a discrepancy
in the 0 profile between Z = 0.6 and Z = 0.8. The @ profile for Z = 0.011 for R is shown in Figure 6 (b) and indicates
discrepancies in the vicinity of R = 0.2, while for other dimensionless radial positions, the trends of profiles match. A
similar observation is made for temperature profiles at Z = 0.11 and Z = 0.44. Between R = 0.2 and R = 0.4, there are
some deviations. @ profiles overlap for all the approaches at Z = 0.22. In Figures 6(a) and 6(d), the 8 variation is compared
with the experimental study of wilkes et al. [24] and the present simulation (prototype and CRT, 50% heat input, and
D = 152.4 mm). The comparison reveals that the temperature profile agrees well with a maximum deviation of 17%.

4. CONCLUSIONS

In the present study, simulations are carried out for prototype and scaled-down geometries. Results are compared in
terms of temperature profiles, temperature contours, and streamlines. A distinct dimensionless temperature variable, 6 is
defined, and trends in the axial and radial variations of 6 are compared. The primary conclusions of the current study are
as follows:

i) Scaled-down methods are suitable for reducing the prototype dimensions and generating laboratory-acceptable
geometries. A comparison of flow and thermal variables at 50% energy input indicates that CRT outperforms other
methods, such as CV, CM, CK, and Cole.

ii) Atvery low energy input, there is a large discrepancy between the temperature profile of CRT with 50% energy input
and that of the prototype. Thus, the dimensional temperature predicted from the scaled model cannot effectively map
the temperature variation for the prototype.

iii) A new dimensionless temperature, 8 is defined based on energy input to the scaled geometry and energy generated
by the respective cell. A comparison of axial and radial temperatures, 6 reveals that the dimensionless approach helps
map the scaled-down model temperature profile to the prototype. This approach works well with reasonable accuracy
(with a maximum deviation of 17%), even at low energy input.
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