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Optically transparent solid-fuel to couple energy to the regression front
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A B S T R A C T

A novel method to manipulate the regression rate of hydroxyl-terminated polybutadiene (HTPB) solid fuel 
through coupling light energy to the regression front, is demonstrated. A polymethylmethacrylate (PMMA) light 
pipe is pre-embedded in the solid fuel, with one end acting as the input port for laser light and another end 
located at the top-surface of solid fuel. Both HTPB and PMMA are de facto polymer fuels, therefore during the 
combustion, the light pipe regresses simultaneously with the regression front of HTPB fuel. As a result, radiation 
energy can be efficiently and conveniently coupled to the regression front, without the need for light input from 
the combustion side. Experimental results show that the regression rate of HTPB increases linearly with laser 
intensity, enabling for these conditions, up to a ~ 1.72 × increase in output combustion power. The temperature 
of the regression front from IR measurement appears to be independent of laser energy. A one-dimensional 
energy-balance model shows that the energy penalty of using a laser is less than 2 %. This is because the ma
jority of heat from combustion is convected away from the regression front, while laser energy is delivered to the 
reaction/regression front. Doping with graphine improves this strategy owing to its excellent laser absorption 
ability.

Both experimental and computational results indicate that the dependency of regression rate on laser energy 
density is close to linear, offering a good strategy to manipulate regression rate.

1. Introduction

Regression rate, the speed at which the front of solid fuel recedes, is a 
key metric in heterogeneous combustion, governing the overall energy 
release rate [1]. The manipulation of regression rate can be achieved 
through adjusting fuel/oxidizer component [2,3], doping metal particles 
[4,5], or controlling heat feedback by using additives [6–8]. An alter
native approach is to add electromagnetic energy. For example, micro
wave energy can be uniformly deposited into the condensed phase of 
composites to form localized hot spots or into the gas phase combustion 
region of solid propellant to form a plasma by inelastic electron-neutral 
collisions [9–11]. There are also quite a few previous studies on the 
manipulation of solid fuel regression rate through the heat delivered 
using optical frequencies. Kakami et al. [12] delivered laser energy to 
the surface of non-self-combustible solid propellant and achieved a 
controllable combustion over a wide pressure range. Duan et al. [13] 
also employed laser irradiation to the surface of a propellant as an 
additional heat source and found that regression rate increased with 
laser fluence, while the thickness of thermal gradient beneath the 
regression front decreased. Similarly, Esker et al. [14] showed a positive 

correlation between solid fuel regression rate and laser fluence. Beyond 
the manipulation of regression rate, laser-assisted ignition has been 
explored for application as spatially-resolved igniters [15,16].

While it has been demonstrated that laser energy can manipulate the 
output combustion power, the actually delivery of energy from a laser 
source has always been problematic and not necessarily practically 
feasible. The usual approach is to propagate the light normal to the 
burning surface, but this necessitates optics that are stationed down- 
stream of the combustion, and the light must be propagated through 
the combustion product gas and particles. In contrast, if one could 
deliver energy from the up-stream one could avoid placing optics in the 
down-stream region of the combustion, where hot gases and combustion 
byproducts create addition complexities. In addition, particles in the 
combustion products can cause significant laser scattering, further 
reducing effectiveness and stability.

In this paper, we propose a novel method to deliver energy to the 
regression front from the up-stream, by directly transmitting the energy 
through the fuel grain. The basic premise is if the fuel is optically 
transmissive to light right up to the regression front, energy can be 
deposited there efficiently, without the need for the optical setup at 
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down-stream of the combustion.
For this demonstration we embed polymethylmethacrylate (PMMA) 

which can act as both a light pipe and a fuel, within hydroxyl-terminated 
polybutadiene (HTPB), a widely-used de facto polymer fuel [5,17,18]. In 
air-breathing combustion, HTPB would first undergo two-stage decom
position (crosslinking and then breakdown), and finally release 
combustible gaseous species [19–21].

The key concept in this strategy is that PMMA, which can also be 
used as a de facto polymer fuel [22,23], is consumed at the regression 
front and regresses at the same rate as the surrounding HTPB. As such 
the terminus of the energy delivery is always at the regression front. This 
guarantees the continuous and precise coupling of the location of laser 
energy input and the regression front.

2. Experimental setup

2.1. Fuel fabrication

HTPB is mixed with methylene diphenyl diisocyanate (MDI) as a 
curing agent and isodecyl pelargonate (IDP) as plasticizer with a high- 
speed mixer (Thinky Ar-100) operating at 2000 rpm for 3 min. The 
mass fractions of HTPB, MDI and IDP are 78.4 %, 11.6 %, and 10 % 
respectively, a formulation that has been employed in our previous 
study [6]. The resulting mixture is poured into a 1 mL cylindrical 
container and allowed to cure at room temperature. The diameter of the 
final product is ~ 5 mm.

After the curing of HTPB, a PMMA optical fiber (diameter ~ 1 mm) is 
inserted into the center of the HTPB cylinder. The effects of additives on 
laser energy absorption are also examined. HTPB doped with graphite 
flakes (~325 mesh), as well as aluminum (Al) nanoparticles (nominal 
average diameter ~ 100 nm) are fabricated as well. Graphite flakes are 
attractive because of their excellent laser absorption efficiency, while Al 
nanoparticles are studied since they offer improved energy density and 
have been widely used as additives in various propellant formulations 
[5,6,24]. The fabrication method of HTPB doped with graphite flakes or 

Al nanoparticles is almost identical to that of HTPB. The only difference 
is that after the mixing of HTPB, MDI and IDP, the mixture is further 
blended with graphite flakes or Al nanoparticles using the high-speed 
mixer at 2000 rpm for an additional 3 min to ensure uniform disper
sion of the additive.

HTPB, MDI and IDP are all purchased from RCS. Bare PMMA optical 
fibers are purchased from FiberFin. Graphite flakes are purchased from 
Alfa Aesar. Al nanoparticles are purchased from US Research 
Nanomaterials.

2.2. Experimental system

Fig. 1(a) illustrates our experimental setup. The HTPB fuel with the 
PMMA light pipe is oriented vertically on a stainless-steel holder. The 
length of the fuel grain is 1 – 1.5 cm. Fig. 1(b) shows the representative 
top-view SEM image of the embedded optical fiber. A continuous wave 
(CW) laser (532 nm, CivilLaser LSR532N-5 W) is employed as the source 
and the emitted laser is focused with a 100 mm FL convex lens, to the 
entrance of optical fiber. The input laser energy can be adjusted by the 
working current of the laser source; while both the laser energies before 
the entrance of optical fiber and at the exit of the HTPB fuel are 
measured by laser power meters (MKS Ophir), as shown by Power Meter 
− 1 and Power Meter − 2 in Fig. 1(a) respectively. In our configuration 
the initial input power density is varied up to 22.7 W/cm2, with a 
transmission efficiency through the fuel as measured by Power Meter −
2 of ~ 60 % as shown by Fig. 1 (c). This loss is attributed to the fiber- 
laser coupling loss and the light reflection at the entrance of fiber. As 
depicted in Fig. 1(d), when energy is delivered to the regression front, a 
portion of the laser energy is absorbed, serving as an additional source of 
heat. Meanwhile, another portion penetrates the regression front and 
continues to propagate upward, representing an energy loss. Although 
the formation of char during the combustion is generally undesirable, in 
this strategy it plays a beneficial role. The presence of char within the 
regression front enhances the absorption of laser energy, thereby 
reducing the transmission loss and improving thermal coupling.

Fig. 1. (a) Experimental setup (CL: convex lens, PM: power meter, M: mirror, OF: optical fiber, IR: infrared, HS: high speed); (b) SEM image of pre-embedded PMMA 
optical fiber in HTPB; (c) Respective laser powers at the entrance and the exit of optical fiber; (d) Diagram of laser-coupled HTPB regression front during 
the combustion.
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A high-speed camera (Phantom Vision Research Miro M110) oper
ating at 200 fps is utilized to measure the regression rate of HTPB fuel. 
The view of the high-speed camera is perpendicular to the propagation 
of the HTPB fuel. Fig. 2 presents snapshots of the burning HTPB fuel at 6- 
second intervals. The regression of the surface is shown in the snapshots 
as the dashed yellow line in Fig. 2, which indicates a nearly linear 
regression of the fuel.

An infrared camera (Telops Fast M3K) is utilized to measure the 
surface temperature of HTPB fuel during combustion. The view of the IR 
camera is situated above the fuel grain at ~ 45◦ angle. An assumption of 
emissivity = 1.0 is employed in the IR measurements.

It should be noted that although two different polymer fuels have 
nominally different characteristic regression rates, the composite fuel 
(HTPB and PMMA optical fiber) burns as essentially a single component 
system from our observations, as presented in Fig. 2.

3. One-Dimension energy balance model

A quasi-one-dimensional model modified from the work of Kakami 
et al. [12,25] is implemented to help understand the influence of laser 
energy on the combustion of HTPB. The combustion of PMMA is ignored 
in this simplified model since the mass fraction of PMMA in the com
posite fuel is only ~ 5 %. The combustion of HTPB can be divided into 
three regions: (1) flame above the surface of HTPB where small hydro
carbon molecules (mainly C4H6) [3] released from the decomposition of 
HTPB react with oxidizer; (2) “liquid-like” regression front on the sur
face of HTPB where HTPB decomposes; (3) unburned zone beneath the 
surface of HTPB where pre-heating occurs.

Fig. 3 shows the relevant energy fluxes related to the regression 
front. HF,1 is the heat feedback from the flame to the regression front. 
HF,2 is the heat feedback from the regression front to the unburned zone. 
IL is the laser energy flux delivered to the regression front, which is 
determined, as shown in Fig. 1(a). Qd is the enthalpy change for HTPB 
decomposition.

Given this is a diffusion flame (air-breathing system) in our 
nomenclature we regard the “regression front” as sitting below the flame 
and is thus oxygen-deficient, and the main process at the front should be 
the pyrolysis of HTPB (i.e., the decomposition zone of HTPB). Therefore, 
the current model can further specify Qd in the regression front. Ac
cording to previous thermogravimetric analysis/differential scanning 
calorimetry (TGA/DSC) experiments of cured HTPB [26,27], the ther
mal decomposition of HTPB typically has two isolated DSC peaks, 
interpreted by an exothermic cross-linking and cyclization process 
below 400 ◦C, and an endothermic depolymerization process at ~ 
450 ◦C. We can assume that these two sub processes all occur within the 
regression front, and thus the global enthalpy change during the 

decomposition, including both exothermic and endothermic steps, is 
estimated as Qd ~ − 0.5 kJ/g according to the baseline-removed integral 
of DSC peaks [26,27].

Although the flame heat generation is not included in the current 
model, the contribution of combustion to the regression rate is 
accounted for through the heat feedback term HF,1.

The energy balance of the regression front can be described by Eq. 
(1). Since not all the laser energy is absorbed, we employ an absorption 
efficiency η in Eq. (1). 

HF,1 + ηIL = HF,2 +QdrρHTPB (1) 

Where r is the regression rate; ρHTPB is the density of HTPB.
Based on one-dimensional heat conduction assumption, the heat 

feedback from the regression front to the unburned zone can be 
expressed by: 

HF,2 = ρHTPBcp,HTPBr(Tr − T0) (2) 

Where Tr is the temperature of regression front; T0 is ambient 
temperture.

Therefore, the dependency of regression rate, r, on the laser energy 
density can be expressed as: 

r = aηIL + b (3) 

Fig. 2. Snapshots of the combustion process of HTPB fuel with laser energy input.

Fig. 3. Energy balance model.
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a =
1

ρHTPBcp,HTPB(Tr − T0) + QdρHTPB
(4) 

b =
HF,1

ρHTPBcp,HTPB(Tr − T0) + QdρHTPB
(5) 

Since the heat feedback from the flame to the regression front (HF,1) 
is difficult to measure, the regression rate when laser is turned off (IL =

0) can be used to determine b. More details in energy balance analysis 
can be found in previous studies by Kakami et al. [12,25].

The density of our HTPB fuel ρHTPB is measured experimentally (~ 
880 kg/m3), and is slightly lower than the typical value (~ 900 kg/m3) 
[28]. Specific heat capacity of HTPB cp,HTPB (2.4 J/gK) is taken from 
Veals et al. [29] Both cp,HTPB and Qd may be influenced by the addition of 
PMMA, which, however, would not significantly affect the model, as 
revealed by the sensitivity analysis in Fig. S1. Regression front tem
perature (Tr ~ 450 ◦C) is taken from the aforementioned TGA/DSC 
experiments [26,27], where the most significant weight loss of HTPB 
occurs at ~ 450 ◦C and can be regarded as the characteristic temperature 
on the surface. Tr will be further validated by our IR camera experi
ments, as discussed in Section 4.2.

4. Results and discussion

4.1. Manipulating the regression rate of HTPB by laser heating

Fig. 4 shows the measured HTPB regression rate under different laser 
intensity conditions. A total of five laser energy densities are studied not 
including IL = 0 as the base case.

It is quite clear that the regression rate of HTPB is very sensitive to 
laser input. Compared to the reference condition where regression rate 
is ~ 0.18 mm/s, the regression rate at the highest laser energy density 
(14 W/cm2) is ~ 0.31 mm/s, showing an enhancement of roughly 72 % 
and can be readily and rapidly manipulated by adjusting the laser energy 
input. Meanwhile, to achieve a significant enhancement in regression 
rate, the upstream delivery method requires less laser energy than the 
downstream delivery methods reported in previous studies [13,25].

Model prediction results are also presented in Fig. 3. The relationship 
between the measured regression rate and laser energy density is close to 
linear, which implies that energy-balance model discussed in Section 3
can quantitively describe the regression of solid fuel with the laser 
heating. When the absorption efficiency η is set as 40 % (i.e., 60 % of 
laser energy penetrates through the decomposition zone), the model 

shows good agreement with the experimental results. A simple valida
tion experiment is also conducted as follows: a high-speed airflow is 
used to extinguish the flame during the HTPB regression, and the 
transmitted laser energy above the burned surface IB is measured using 
the previously described power meter. The absorption efficiency is then 
estimated by η = 1 − IB/IL. The measured η ranges from 43 % to 60 %, 
similar to the assumed value used in the model.

Since the laser provides the additional heat to promote combustion, 
we estimate the energy penalty of the laser input relative to the gained 
power. Eq. (6) defines the efficiency of laser heating as the ratio of the 
combustion heat generation to the sum of laser energy input IL (W/cm2) 
and combustion heat generation. 

ξ =
QcρHTPBr

IL + QcρHTPBr
(6) 

If we assume that HTPB is fully oxidized, and its heat of combustion is 
Qc ~ 38 kJ/g [30]. The efficiency of laser heating , as calculated from 
Eq. (6) is also presented in Fig. 4. ξ is seen to decrease monotonically 
with increasing laser energy flux. Nevertheless, in the investigated laser 
energy density range, the energy penalty is negligible (ξ→1). In other 
words, the energy generated by combustion is significantly larger than 
the energy delivered by the laser, which ensures the feasibility of the 
strategy of manipulating regression rate by laser heating. However, it 
should be highlighted that the actual efficiency of the system in practical 
applications will be influenced by various factors such as laser wall-plug 
efficiency and incomplete combustion.

The reason why laser heating can so effectively manipulate regres
sion rate even though the delivered energy is much less than the com
bustion heat generation, is revealed by the comparison between IL and 
HF,1. According to Eq. (3), HF,1 contributes to the regression rate in the 
absence of a laser, while IL contributes to the increase of regression rate 
when laser energy input increases. It can be noticed that IL and HF,1 are 
actually of the same magnitude, which can also be supported by the 
phenomenon that HTPB undergoes decomposition solely due to the laser 
energy input, without ignition, as presented by Fig. S2. This is because 
the majority of the combustion energy release is convected away for the 
fuel surface due to thermally driven gas-expansion. Therefore, the heat 
feedback to the regression front (HF,1) is poor, restricting flame propa
gation. In contrast, the laser energy is deposited directly to the regres
sion front, providing localized and targeted heating, overcoming the 
natural convective heat loss and insufficient heat feedback. As a result, 
even modest levels of laser power can lead to substantial enhancement 
on fuel regression rate.

In addition to the regression rate, the influence of laser-regression 
front coupling on surface temperature of HTPB fuel is also of interest. 
Fig. 5 (a) and (b) shows representative infrared images of the regression 
front of HTPB with PMMA fiber without laser and at 11.1 W/cm2 

respectively. We find that the average temperature of the regression 
front is ~ 450 ◦C, regardless of laser input. Previous studies demon
strated that the dependency of thermal decomposition temperature of 
HTPB on heating rate is low; for instance, TGA experiments by Du [31] 
showed that increasing heat rate from 8 K/min to 60 K/min only 
changes the temperature of HTPB decomposition by ~ 30 ◦C. Previous 
studies across different experimental conditions also reported a similar 
second-stage decomposition temperature at ~ 450 ◦C [19,20,26]. In 
other words, the decomposition temperature of HTPB can be regarded as 
its inherent chemical property; additional energy from laser can only 
accelerate its decomposition, but cannot change its decomposition 
temperature significantly. The constant surface temperature observed 
by the IR camera also demonstrates that Tr ~ 450 ◦C in our model is a 
good approximation (as discussed in Section 3).

Similar phenomenon was also described in the work by Kakami et al. 
[12], where laser energy was delivered from the downstream and the 
surface temperature of fuel was constantly ~ 450 ◦C, independent of 
laser intensities.

Fig. 4. Regression rates and efficiencies of laser heating of HTPB fuel at 
different laser energy densities. Dark blue symbols are the experimental results 
on regression rate. Dark blue line is the regression rate predicted by energy- 
balance model. Orange symbols are the efficiencies calculated by Eq. (6)
while orange line is drawn to guide the eye.
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4.2. Influence of additives

We have demonstrated that employing a PMMA optical fiber to 
couple laser energy input and the regression front is an effective method 
for the manipulation of solid fuel combustion in the last section. Ac
cording to the energy-balance model, despite a relatively low laser ab
sorption efficiency of 40 %, the regression rate of HTPB exhibits a 
marked enhancement. Therefore, one can expect considerable potential 
for further improvement. In this section, we explore the incorporation of 
selected additives to enhance laser absorption, with the aim of achieving 
a more effective manipulation of regression rate.

Fig. 6(a-c) shows the dependence of regression rate on laser energy 
density for HTPB fuel with different additives. The weight percentages 
of graphite flakes and Al nanoparticles are 1 % and 5 % respectively. 
Higher graphite loadings are not selected due to the risk of premature 
ignition, likely caused by the excessive laser energy absorption of the 
unburned zone.

In the absence of any laser input, the regression rates of HTPB with 
different additives are all very similar. HTPB/graphite shows a slightly 
lower regression rate compared to HTPB and HTPB/nAl probably 
because of the lower oxidation reactivity of graphite.

When the laser energy is delivered, the regression rate of HTPB fuel 
doped with graphite shows the most significant dependence of laser 
intensity. As laser energy density increases to 0 and 11.1 W/cm2, the 
regression rate of HTPB/Graphite increases significantly from ~ 0.16 

mm/s to ~ 0.32 mm/s, showing an enhancement of roughly 100 %. It 
demonstrates that the incorporation of graphite further enhances the 
increasing of regression rate by laser heating, owing to its excellent 
optical absorption, which facilitates more efficient energy transfer from 
light to heat in the regression front. In contrast, the incorporation of Al 
nanoparticles does not improve the laser-induced enhancement effect. 
As laser energy density increases to 0 and 11.1 W/cm2, the regression 
rate of HTPB/nAl increased from ~ 0.18 mm/s to ~ 0.26 mm/s, showing 
a similar enhancement effect compared to HTPB. Unlike graphite, Al has 
a higher reflectivity in the visible and thus does not couple well with the 
laser.

Fig. 6(d) presents the slopes of the regression rate − laser energy 
density relationship for HTPB with additives, and it is clear that HTPB/ 
Graphite shows the most promoting effect, although its additive con
centration is lower than that of HTPB/nAl.

5. Conclusions

A novel method is proposed to couple light into the regression front 
of solid fuels by embedding a high-efficiency fuel-based light pipe 
(PMMA) within HTPB. In this way the PMMA acts both as a laser energy 
conduit as well as a polymer fuel. The use of this approach mitigates 
many of the practical problems of coupling radiation energy to the 
regression front.

Experimental result demonstrates this concept. With laser energy 

Fig. 5. IR images of the regression front without laser energy input (a) and with laser energy input (b), showing that surface temperature is unaffected by laser.

Fig. 6. Regression rate vs. Laser intensity for (a) HTPB fuel, (b) HTPB fuel doped with graphite flakes (1 wt%) and (c) HTPB fuel doped with Al nanoparticles (5 wt 
%); (d) the dependence of regression rate on laser intensity for HTPB with different additives.
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input, the regression rate of HTPB can be enhanced significantly; from 
~ 0.18 mm/s to ~ 0.31 mm/s as laser energy density increases from 0 to 
14 W/cm2. When HTPB is doped with graphite, the enhancement effect 
of laser heating can even be improved, as the graphite in the regression 
front can absorb laser irradiation better than HTPB and its decomposi
tion products.

A one-dimensional energy-balance model shows that the energy 
penalty of using a laser to the energy output is less than 2 %, even at the 
highest laser energy used. Both experimental and computational results 
indicate that the dependency of regression rate on laser energy density is 
close to linear, offering a good strategy to manipulate regression rate.
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