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A B S T R A C T   

The combustion of an oxygen/paraffin hybrid rocket motor was experimentally characterized. Firing tests were 
conducted for different oxidizer mass fluxes ranging from 2.47 to 3.40 g/ (cm2⋅s). Variations in temperature and 
H2O partial pressure at the nozzle exit were diagnosed using mid-infrared tunable diode laser absorption 
spectroscopy (TDLAS) based on H2O absorption near 2.5 μm. Three H2O absorption lines were simultaneously 
covered by only one distributed feedback (DFB) laser using scanned-wavelength direct absorption (DA) mode 
with 2.0 kHz repetition rate. Measurement uncertainty was analyzed in detail considering line-strength uncer
tainty and Voigt fitting residuals. A two-dimensional (2D) model of the nozzle was constructed using the ANSYS 
FLUENT CFD software package. The combustion efficiency of the hybrid rocket motor was evaluated from the 
perspectives of chemical reaction and heat release, respectively, based on TDLAS results and CFD simulations. 
The effectiveness of the evaluation was validated by comparing its results with characteristic velocity (C*)-based 
combustion efficiency. Finally, comparisons of combustion efficiencies among different cases show that 
increasing the oxidizer mass flux or oxidizer-to-fuel ratio improves the combustion efficiency of the hybrid rocket 
motor under our experimental conditions.   

1. Introduction 

The hybrid rocket motor, typically containing liquid oxidizer and 
solid fuel, has the advantages of high reliability, multiple restart capa
bility, high safety, and low cost compared with conventional solid- or 
liquid- propulsion systems [1–4]. These advantages make the hybrid 
rocket motor important for future aerospace exploration [5,6]. Unfor
tunately, the diffusive nature of turbulent flames due to its unique 
structure poses great challenges to combustion diagnosis and limits 
understanding of its combustion mechanisms [7–10]. Currently, the 
combustion performance of hybrids is mainly evaluated via the char
acteristic velocity C* [11]: 

C* = PcAth/ṁ (1)  

where Pc, Ath, and ṁ represent the chamber pressure, nozzle-throat area 
and mass flow rate respectively. Although convenient, the global metrics 

in this method provide little granularity to the inherent loss mechanisms 
that may decrease the overall combustion performance. These limita
tions have hindered the development of hybrid rocket motors for most 
practical applications [12]. To advance the understanding of physico
chemical mechanisms governing combustion performance, it is neces
sary to make quantitative in-situ diagnosis of key flow-field parameters 
with high fidelity and time resolution in real combustion conditions. 

For any chemical-propulsion system, temperature and species partial 
pressure are the two most important parameters because they reflect 
most key combustion processes and quantify heat loss. In recent years, 
numerous non-intrusive optically-based diagnostic methods have been 
applied to temperature and species partial pressure diagnosis, such as 
planar laser-induced fluorescence (PLIF), coherent anti-Stokes Raman 
scattering (CARS), Rayleigh scattering (RS), and tunable diode laser 
absorption spectroscopy (TDLAS). These spectroscopic methods vary 
significantly in their accuracy and simplicity [13]. PLIF is a well- 
established technique for two-dimensional (2D) detection. However, 

* Corresponding author. 
** Co-corresponding author. 

E-mail addresses: linxin_bit@imech.ac.cn (X. Lin), lifei@imech.ac.cn (F. Li).  

Contents lists available at ScienceDirect 

Experimental Thermal and Fluid Science 

journal homepage: www.elsevier.com/locate/etfs 

https://doi.org/10.1016/j.expthermflusci.2021.110411 
Received 9 December 2020; Received in revised form 26 February 2021; Accepted 30 March 2021   

mailto:linxin_bit@imech.ac.cn
mailto:lifei@imech.ac.cn
www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2021.110411
https://doi.org/10.1016/j.expthermflusci.2021.110411
https://doi.org/10.1016/j.expthermflusci.2021.110411
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2021.110411&domain=pdf


Experimental Thermal and Fluid Science 127 (2021) 110411

2

quantitative interpretation of PLIF signals requires independent infor
mation on local quenching rates, which can be difficult or even impos
sible to obtain in turbulent flames [14]. CARS is well known for strong 
signal strength and good sensitivity, but it suffers from non-resonant 
background fluorescence noise and is sensitive to refractive index gra
dients in the optical path [15,16]. RS has the advantage of high spatial 
resolution for temperature; however, it is difficult to determine the 
scattering cross section precisely in reaction flows [17]. Lastly, these 
three spectroscopic methods are hard to be fiber-coupled and require 
both bulky light sources and sophisticated laser equipment [14]. These 
issues and requirements pose significant challenges for highly quanti
tative and in-situ measurements under the harsh environments of real 
propulsion systems. 

TDLAS is a promising approach to address these practical issues in 
analyzing reactive flows, and it often serves as an effective tool for 
quantifying the time-resolved temperature and partial pressure of target 
gas species [18–23]. Owing to its advantages of non-intrusive detection, 
high sensitivity, high signal-to-noise ratio (SNR), fast response, robust
ness, and compactness, TDLAS has been penetrated into the large area of 
combustion diagnostics of real engines and propulsions such as scram
jets [24], internal combustion engines [25], pulse detonation combus
tors [26], and coal gasifiers [27]. 

TDLAS technique has recently been adapted to combustion diagnosis 
of hybrid rocket motors. In 2016, Mohamed et al. used TDLAS to mea
sure temperature and concentration variations at the nozzle exit of a 
hybrid rocket motor [28]. Later in 2019, Bendana et al. claimed to have 
obtained the quantitative 2D structure of a hybrid reaction layer based 
on TDLAS (Strictly speaking, an apparatus without a downstream nozzle 
is not a hybrid rocket motor, so the combustion environment is signifi
cantly different from that of hybrid rockets.) These works have suc
cessfully confirmed the potential of TDLAS technology in hybrid motor 
diagnosis. However, they did not fully use the TDLAS measurements to 
extract information of reactive flows that may closely relate to com
bustion mechanisms and help to quantitatively evaluate the combustion 
performance of hybrid rocket motors. 

In this study, we experimentally characterized the combustion per
formance of a laboratory-scale oxygen/paraffin hybrid rocket motor. 
Experiments were conducted at different oxidizer mass fluxes from 2.47 
to 3.40 g/(cm2⋅s), corresponding to oxidizer-to-fuel ratios (O/Fs) from 
2.77 to 3.18. Variations of temperature and H2O partial pressure were 
measured with a mid-infrared TDLAS system near 2.5 μm. Three well- 
isolated fundamental vibrational transitions (4029.52 cm− 1, 4030.51 
cm− 1 and 4030.73 cm− 1) were simultaneously probed by a single 
distributed feedback (DFB) laser at a 2.0 kHz repetition rate using 
scanned-wavelength direct absorption (DA) strategy. Measurement un
certainty was analyzed in detail considering Voigt-fitting residuals and 
line-strength uncertainty. A simplified 2D model was constructed for the 
nozzle using the ANSYS FLUENT CFD software package. Combining the 
TDLAS measurement results with CFD simulations, we calculated the 
combustion efficiency of the hybrid rocket motor from the perspectives 
of chemical reaction (using H2O partial pressure) and heat release (using 
gas temperature), respectively. Results were compared with classical C*- 
based combustion efficiency to validate the effectiveness of the evalu
ation. Finally, comparisons were made between firing tests to recognize 
the effects of O/F and mass flux variations on hybrid combustion 
performance. 

2. Laser absorption spectroscopy 

2.1. Absorption theory 

Laser absorption spectroscopy is an optical diagnostic technique that 
exploits the resonance of a coherent laser with the photon energy of a 
specific molecule [29,30]. The fundamentals of DA spectroscopy have 
been well described in numerous works [13,17,24,31–36], a brief re
view is given here to establish terms and units and facilitate the 

discussion that follow. 
In DA measurements for a uniform gas field, intensity attenuation is 

described by the Beer–Lambert law: 

It

I0

⃒
⃒
⃒
⃒

v
= exp(− kvL) (2)  

where I0 and It are the incident and transmitted laser intensities, L [cm] 
is the optical path length, and kv [cm− 1] is the absorption coefficient. For 
a transition of frequency v, kv can be expressed as 

kv = Pi⋅S(T)⋅ϕ(v) (3)  

where Pi [atm] is the partial pressure of the absorption species (here i is 
water vapor), S(T) [cm-2atm− 1] the line-strength of the transition, and 
ϕ(v) [cm] the line-shape function. Noting that the line-shape function 
ϕ(v) is normalized to unity as 

∫
ϕ(v)dv ≡ 1, the integrated absorbance A 

[cm− 1] can be determined as: 

A =

∫

kvLdv = Pi⋅S(T)⋅L (4) 

According to two-line thermometry [37], the path-averaged gas 
temperature T can be determined as: 

T =
hc
k (E

′′
2 − E′′

1)

lnR + lnS2(T0)
S1(T0)

+ hc
k (E

′′
2 − E′′

1)/T0
(5)  

where R is the ratio of integrated absorbances: 

R =
A2

A1
(6) 

A criterion χT is defined to monitor the temperature sensitivity of 
absorption lines and can be approximated as [31]: 

χT =

⃒
⃒
⃒
⃒
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⃒ ≈

hc
k
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⃒
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⃒ =
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|ΔE′′ |

T
(7) 

The species partial pressure PH2O can be determined when the gas 
temperature T[K] is acquired: 

PH2O =

∫
kvLdv

S(T)⋅L
=

A
S(T)⋅L

(8)  

2.2. Line selection 

For DA measurement of high-temperature flame created by a hybrid 
rocket motor, spectroscopic signals can be affected by burning particles 
and thermal radiation, which decreases the SNR and measurement ac
curacy. This requires strong absorption signals of transition lines. The 
fundamental vibrational bands (v1 and v3) of H2O [33] are approxi
mately 20 times stronger than the overtone and combination bands [12], 
which provide the capability for precise measurement at such harsh 
conditions. 

Fig. 1 shows broadband simulations of H2O, CO, and CO2 spectra in 
the near- and mid-infrared at a representative temperature of 2000 K. 
For H2O, the strongest vibrational bands with minimal CO and CO2 
interference occur in the fundamental bands near 2.5 and 2.9 μm, which 
provides spectral windows of well-isolated transitions suitable for 
TDLAS sensing. The simulated spectra for the four candidate H2O line 
pairs (A [41], B [33], C [17], and D [42]) were plotted in Fig. 2, which 
indicates that CO and CO2 absorptions have negligible interference with 
that of H2O under expected hybrid motor combustion conditions. The 
relevant spectroscopic parameters for the transitions and source data
bases are presented in Table 1. 

Finally, line pair A near 2.5 μm was selected for the following rea
sons: (1) line pair A has large absorption strength; (2) the transitions are 
well isolated; (3) the temperature sensitivity (shown in Fig. 3 (a)) is high 
enough for combustion diagnosis; (4) low line-strength uncertainty 
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propagated by temperature uncertainty ΔT [43]; (5) relatively large 
lower state energy (E’’>1500 cm− 1 for 2000 K, shown in Fig. 3 (b)) helps 
ensure high immunity from the ambient colder water vapor. It is note
worthy that the line-strength of line pair A has been validated in a high- 
temperature (650–1325 K) quartz gas cell [12,42,44,45] (which is 
considered in uncertainty analysis in Section 4.1), and the ability of line 
pair A for high temperature (~1800 K, similar to our temperature 
condition) diagnosis has been validated on standard flames in Ma’s work 
[41]. 

3. Experimental setup 

The laboratory-scale hybrid rocket motor used for combustion 
analysis is briefly described here (shown in Fig. 4), and further infor
mation on the apparatus can be found in our previous study [46]. This 
motor used gas oxygen as the oxidizer and pure paraffin as the fuel. The 
fuel grain was centrifuged into a single port structure 70 mm in length, 
30 mm in inner diameter, and 64 mm in outer diameter. The mass flow 
rate of oxygen was adjusted by a calibrated mass flow controller 
(Bronkhorst, model F-203AV), and two pressure transducers were 
placed in the pre-chamber and aft-chamber respectively. A nozzle was 
attached to the combustor exit to accelerate the reactive flow. The di
ameters of the nozzle throat and nozzle exit were 5 mm and 12 mm 
respectively. The entire system was controlled by a computer using the 
LABVIEW program to simultaneously trigger the TDLAS data acquisition 
and motor ignition. Event timing for the experiments was set using a 
National Instruments USB-6211 multi-function unit. Firing tests were 

Fig. 1. Line-strengths for the near and mid-infrared bands of H2O, CO and CO2 
at 2000 K. (Parameters of H2O and CO2 come from the HITRAN 2016 database 
[38], and parameters of CO come from the HITEMP 2019 database [39,40]). 

Fig. 2. Absorbance simulation of H2O transitions for 4 candidate line pairs based on the HITRAN 2016 database and the corresponding CO (HITEMP 2019 database) 
and CO2 (HITRAN 2016 database) absorbance were plotted for comparison. P = 1 atm, L = 1.2 cm, XH2O = XCO = XCO2 = 25%. 

Table 1 
Spectroscopic parameters of the candidate transitions.  

Line pair Wavenumber Wavelength S@296 K E’’  

[cm− 1] [nm] [cm-2atm− 1] [cm− 1]  

4029.52 2481.69 8.50 × 10-5 2660.94 
A(a) 4030.51 2481.08 1.80 × 10-9 4902.61  

4030.73 2480.94 2.15 × 10-9 4889.49 
B(a) 3982.06 2511.26 8.99 × 10-3 1581.34  

3982.75 2510.83 6.24 × 10-7 3654.05 
C(a) 3459.73 2890.40 4.02 × 10-6 3386.38  

3460.59 2889.68 8.85 × 10-4 2073.51 
D(a) 3920.09 2550.96 6.49 × 10-1 704.21  

4030.73 2480.94 2.15 × 10-9 4889.49  

(a) Values taken from HITRAN 2016 database [38]. 
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conducted at different O/F ratios, which are listed in Table 2. 
Fig. 4 also illustrates the optical setup of the designed TDLAS system. 

To probe the selected H2O transitions, a mid-infrared DFB laser 
(Nanoplus GmbH) centered near 2.5 μm was deployed with a stable 
output power of approximately 10 mW. The laser wavelength and in
tensity were continuously tuned by a commercial laser controller 
(Thorlabs, model ITC-502). To implement scanned-wavelength DA 
strategy, the current of the DFB laser was modulated by a ramp signal of 
2 kHz provided by a function generator (Tektronix, model AFG-3101) to 
cover the three transitions of line pair A in Table 1. The output laser 
beam was collimated to a beam waist diameter of approximately 0.5 mm 
and located within ~0.5 mm of the nozzle exit plane. The transmitted 
light was then split into two beams. Part of the laser beam passed 
through a narrow-band filter (with a center wavelength of 2.5 μm and 
bandwidth of 50 nm) and an iris to mitigate the influence of thermal 

radiation. A focusing lens was used to collimate the collected light to 
further enhance the transmitted signal. The other part of the laser beam 
was directed into a Fabry–Perot interferometer (Thorlabs, model SA200- 
18B, 1.5 GHz FSR) to calibrate the absolute wavelength. Finally, these 
two laser beams were simultaneously collected and monitored by pho
todetectors (Thorlabs, model PDA10D2), and the detected signals were 
recorded by a data processing module (National Instruments, model 
PCIE 6361) at a sampling rate of 2 MHz. 

4. Results and discussion 

4.1. TDLAS measurement results 

Variations of a representative raw data trace (case 5) detected by the 
TDLAS system are presented in Fig. 5. This trace covers the whole pro
cess of motor ignition, combustion, and shutdown. The variations of 
amplitude intensity in Fig. 5 were mainly caused by the unburned fuel. 
After the ignition at approximately 0.6 s, solid paraffin was quickly 
heated and fuel droplets were supplied to the reactive flow. Owing to the 
diffusive nature of the combustion, part of the paraffin droplets flowed 
into the exhaust gas before they were burned. These unburned droplets 
blocked part of the laser intensity by sticking to the optical windows, 
which was consistent with the sudden drop of the detected signal in the 
first combustion stage. As the combustion approached a steady state, 
part of the solid fuel covering the optical windows was heated by the 

Fig. 3. (a) Temperature sensitivity of four H2O candidate line pairs in expected temperature range of 1500–2500 K, (b) Simulated line-strength ratio S(T)/S(T0) for 
different lower-state energies E’’ (700 cm− 1, 900 cm− 1, 1500 cm− 1, and 2500 cm− 1) as a function of temperature. 

Fig. 4. Schematic of the TDLAS diagnostic system and hybrid rocket motor system.  

Table 2 
Firing test conditions.  

Case O/F Mass flux of O2 [g/ (cm2⋅s)] 

1 3.11 2.47 
2 3.18 2.57 
3 3.03 2.78 
4 2.77 2.95 
5 3.10 3.40  
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high-temperature plume and was finally entrained into the hypersonic 
flows. Therefore, the signal intensity in the second stage appeared to 
slowly increase and eventually stabilize. When the motor was shut 
down, the unburned paraffin began to cover the optical windows after it 
was cooled down. This explains the fluctuations in signal intensity near 
3.2 s. Typical single laser scans of different stages were extracted from 
the raw data trace. Fig. 5(a) shows that no visible H2O absorption 
occurred before motor ignition. Fig. 5(b) is the absorption signal at the 
lowest amplitude of the raw data trace. Despite the laser attenuation, all 
the H2O absorption peaks at 4029.52 cm− 1, 4030.52 cm− 1 and 4030.73 
cm− 1 were still visible, although the latter two peaks were relatively 
weak. When the signal amplitude increased as shown in Fig. 5(c), these 
absorption peaks were much clearer than those in Fig. 5(b). 

To accurately obtain the temperature and H2O partial pressure, 50 
scans of the sequential raw data were averaged to remove stochastic 
noise from the laser and plume fluctuation, and the background noise 
was subtracted to further improve the SNR. A typical 50-scan-averaged 
signal is shown in Fig. 6(a). Further data processing usually follows this 
sequence. First, the unattenuated laser intensity I0 (baseline) was 
determined by fitting the far wings of each scan using a third-order 
polynomial. Second, after subtracting the fitted baseline, a Voigt pro
file was least-squares fitted to the absorption signals. The chosen base
line was adjusted to yield a low fitting residual between the measured 
data and the Voigt profile. The top panel in Fig. 6(b) shows the measured 
absorbance covered with the Voigt fit, and the bottom part shows the 
fitting residuals. The Voigt-fitting residual of less than 1% throughout 

the absorption profile indicates that the Voigt profile is suitable for the 
absorption line shape, and a high SNR has been achieved under this 
condition. Finally, the fitted line was used to calculate the integrated 
absorbance A, and hence the line-of-sight static temperature and water 
vapor partial pressure of the flow can be obtained through Eq. (5) and 
Eq. (8) respectively. 

The four-second variations in measurement results for two repre
sentative cases (case 2 and case 3) are shown in Fig. 7. The combustion 
pressure (obtained by pressure transducers) is also plotted because it 
reflects the working state of the hybrid rocket motor. For case 2, the first 
state is from 0 s to ~0.5 s, when the oxidizer was injected into the 
combustion chamber, and hence the combustion pressure Pc, static 
temperature T, and H2O partial pressure PH2O in this interval had no 
sudden changes. When the motor was ignited, a significant ignition 
pressure peak appeared, and both T and PH2O increased suddenly. 
During the combustion process (~0.5 s to ~3.75 s), Pc first increased 
slowly and stabilized eventually. Both T and PH2O have the same trend as 
that of Pc. When the motor was shut off, Pc, T, and PH2O all suddenly 
dropped at 3.75 s. Note that Pc had a slower decrease than T and PH2O, 
which was due to the residual pressure between the combustion cham
ber and nozzle exit. The working stages of case 3 were similar to those of 
case 2, but there were differences in chamber pressure Pc. As shown in 
Fig. 7(a), Pc stabilized at ~2.0 s in case 2 but kept increasing until 3.0 s 
in case 3. These different variations in Pc affected on PH2O, which is 
evident in Fig. 7(b). 

The total measurement uncertainties were determined by applying 

Fig. 5. TDLAS raw data covering the whole process of ignition, combustion and shutdown of the hybrid rocket motor.  

Fig. 6. (a) Representative 50-scan-averaged absorption signals. (b) Typical absorption spectra for temperature and partial pressure measurement. At the top is the 
experimental absorbance spectrum (black solid line) together with its best-fit Voigt profile (red dash line); the bottom is the corresponding Voigt-fitting residual. 
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the Taylor series method of uncertainty propagation [47] to the un

certainties in line-strength and temperature. The measured temperature 
uncertainty determined from the Voigt-fitting residual (less than1%) 
and line-strength uncertainty (~2% validated in [12,42,44,45]) is about 
2.24%. The temperature uncertainty will propagate to line-strength S as 
discussed in [43]. Therefore, the uncertainty in the partial pressure PH2O 
consists of the line-strength uncertainty and Voigt-fitting residual ac
cording to Eq. (8). To properly analyze the measurement uncertainty, 
the static temperatures in Fig. 7 were averaged for each case. The 
averaged values and calculated uncertainties are listed in Table 3, which 
indicates that temperature uncertainty has a significant impact on the 
accuracy of partial pressure measurement. It is important to clarify that 
the integrated absorbance A in the thermal boundary layer is found to be 
about two orders of magnitude lower than that in the total optical path 
length (obtained by a brief calculation), which illustrates that the 
thermal boundary layer has a small impact on TDLAS measurement 
results. Thus, it is reasonable to assume that the cross section of the 
nozzle exit was quasi-uniform, and line-of-sight results were used to 
represent parameters in the core flow. Considering heat transfer be
tween the core flow and the boundary layer, temperature and species 
gradients are expected to occur in the nozzle, this may influence the 
measurement accuracy. In our future study, tunable diode laser ab
sorption tomography (TDLAT) will be utilized to improve measurement 
spatial resolution (providing a two-dimensional distribution of temper
ature and species concentration). 

4.2. Combustion efficiency evaluation 

The combustion efficiency of the hybrid rocket motor was evaluated 
from the perspectives of chemical equilibrium (using H2O partial pres
sure) and heat release (using gas temperature), respectively, and the 
results were compared with the traditional C*-based efficiency to vali
date the evaluation methods. CFD simulations were constructed to 
obtain the combustion efficiency based on TDLAS measurements; the 
inlet conditions of the simulations were obtained from the online pro

gram NASA Chemical Equilibrium with Applications (CEA). 

4.2.1. CFD simulations 
The combustion process of hybrid rocket motors involves complex 

physicochemical mechanisms such as multiphase thermochemistry, 
diffusive mixing and turbulence [12]. To properly simplify the compu
tations, a 2D-axisymmetric model of the nozzle was constructed using 

the ANSYS FLUENT CFD software package, as shown in Fig. 8. The 

whole model contains about 14,640 cells and 15,047 nodes. The inner 
space of the nozzle was selected as the calculation domain, and the inlet 
diameter of the nozzle was 50 mm. The standard k–ε turbulence model 
with a nonequilibrium wall function was used [48]. 

The simulations were based on the following assumptions:  

(1) Only gas-phase species were present and no chemical reaction 
occurred during the compression and expansion of the isentropic 
flow. This means the concentration and phase of the combustion 
products remained the same in the nozzle.  

(2) The radiant heat flux was negligible since the fuel is without 
metal additives [4,7,49], and the convective heat transfer was 
considered.  

(3) The nozzle walls were adiabatic with no slip conditions, and the 
temperature was set to 1000 K. 

The inlet conditions of the nozzle were obtained from CEA. The CEA 
and CFD simulation results are listed in Table 4. 

4.2.2. PH2O-based combustion efficiency ηP 
The combustion efficiency ηP is defined as the mole fraction of the 

fuel that is completely burned and transferred to CO2 [50]. According to 
this definition, the global reaction equation describing the fuel con
sumption is:   

where ϕ is the equivalence ratio. It is noteworthy that Eq. (9) is based 
on the following assumptions: (1) CO2 and H2O are the only combustion 
products; (2) all the H2O comes from the chemical reaction. 

From Eq. (9), the PH2O-based combustion efficiency ηP can be derived 
from the relation between the H2O mole fraction and its pressure 

Fig. 7. TDLAS measurements of temperature and H2O partial pressure for cases 2 (a) and 3 (b) together with chamber pressure variations recorded by the pres
sure transducer. 

Table 3 
Averaged TDLAS results and calculated uncertainties.  

Case T(K)  PH2O(atm)  ΔT/T ΔS/S ΔPH2O/PH2O 

1 1870.8 0.279 2.24% 3.43% 3.57% 
2 1907.8 0.292 2.24% 3.58% 3.72% 
3 1810.6 0.249 2.24% 3.17% 3.32% 
4 1926.5 0.253 2.24% 3.66% 3.79% 
5 1929.8 0.237 2.24% 3.67% 3.81%  

ϕ⋅C32H66 + 48.5O2→ηPϕ⋅32CO2 + ηPϕ⋅33H2O+ϕ(1 − ηP)⋅C32H66 +(1 − ηPϕ)⋅48O2 (9)   
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fraction: 

ηP =
48.5/ϕ + 1

33Ps/PH2O − 15.5
(10)  

where the static pressure Ps at the nozzle exit is obtained from Fluent 
simulations (as shown in Table 4). The evaluation results for the five 
cases were 82.7%, 84.1%, 85.2%, 77.2%, and 87.5%. 

4.2.3. T-based Combustion efficiency ηT 
Because temperature is an important parameter reflecting the heat 

release of combustion systems, the total temperature was used to eval
uate the combustion efficiency ηT through the following formula 

ηT =
Te − TO2

Tc − TO2

(11)  

where TO2 is the total temperature of the oxygen, Tc is the adiabatic 
combustion temperature as mentioned previously, and Te represents the 
actual total temperature, which was calculated through the isentropic 

flow equation 

Te =

(

1 +
γ − 1

2
Ma2

)

T (12)  

where Ma is the Mach number of the flow at the nozzle exit (derived 
from Fluent simulations). The evaluation results for the five cases were 
84.9%, 85.9%, 83.4%, 87.4%, and 84.6%. 

4.2.4. Comparisons with C*-based efficiency 
The evaluated combustion efficiencies for all the cases and firing 

conditions are summarized in Table 5 and visualized in Fig. 9 for further 
analysis and discussion. 

According to Fig. 9, the PH2O-based efficiency shows the same trend 
with respect to the C*-based efficiency, and the differences between 
them are constrained to 3–7%. This validates the ability of this method 
to evaluate the combustion performance of hybrid rocket motors. 
However, the T-based efficiency is not aligned with the C*-based effi
ciency. Note that ηT is much bigger than ηC* for all the cases. This 
observation is possibly due to the assumption of non-combustion in the 
isentropic flow through the nozzle. Neglecting combustion in the nozzle 
flow yields lower adiabatic temperature at the nozzle exit, therefore, the 
evaluated efficiency ηT becomes higher when the combustion was 
neglected (according to Eq. (11)). The following analysis related to 
combustion performances is based on ηP and ηC*. 

It is noteworthy that, except for case 4, both ηP and ηC* become 
higher from case 1 to case 5 with oxidizer mass flux increasing from 2.47 
to 3.40 g/ (cm2⋅s). Such increasing trend agrees with the theoretical 

Fig. 8. 2D structured mesh model for the Laval nozzle.  

Table 4 
CEA and CFD simulation results.  

Case CEA Fluent 

Tc
a (K) γb Ps

c(atm) Ts
d(K) ve(m/s) 

1 3530.3 1.13 0.592 1786.5 2335.3 
2 3534.0 1.13 0.620 1791.4 2333.9 
3 3509.9 1.13 0.506 1770.0 2330.5 
4 3514.9 1.13 0.517 1767.3 2346.8 
5 3498.9 1.12 0.478 1761.9 2321.6  

a Tc is the adiabatic combustion temperature in the chamber. 
b γ is the specific heat ratio. 
c Ps is the static pressure at the nozzle exit. 
d Ts is the static temperature at the nozzle exit. 
e v is the velocity magnitude at the nozzle exit. 

Table 5 
Combustion efficiencies.  

Case O/F Gox
a ηP ηT ηC*

b   

[g / (cm2⋅s)]    

1 3.11 2.47 82.7% 84.9% 76.7% 
2 3.18 2.57 84.1% 85.9% 77.7% 
3 3.03 2.78 85.2% 83.4% 78.1% 
4 2.77 2.95 77.2% 87.4% 73.9% 
5 3.10 3.40 87.5% 84.6% 80.7%  

a Gox is the mass flux of the oxidizer. 
b ηC* is calculated through the traditional method using characteristic veloc

ity, and the theoretical value of C* is obtained from CEA results. 

Fig. 9. Combustion efficiencies evaluated through H2O partial pressure, total 
temperature, and characteristic velocity of the hybrid rocket motor. 
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understanding of droplet entrainment [51]. For paraffin fuels, a liquid 
layer forms when the solid surface is heated. When the oxidizer flows at 
high speed over the melting surface of the fuel, tiny droplets are pro
duced and supplied to the reaction zone. Therefore, when the mass flux 
of the oxidizer flow increases, the droplet size decreases, leading to 
better mixing with the oxidizer flow and hence higher combustion ef
ficiency [52]. For case 4, however, ηP and ηC* are significantly lower 
than that of case 3 even the oxidizer mass flux increases. This observa
tion is due to the lower O/F ratio in case 4, which suggests less efficient 
fuel–oxidizer mixing for the combustion process of hybrid motor 
[51,53]. 

Overall, the combustion efficiency of a hybrid rocket motor has been 
evaluated through TDLAS measurements, and the results presented 
above demonstrate that TDLAS technology can provide insights into the 
physicochemical mechanisms that govern the overall combustion per
formance of hybrid rocket motors. However, the current work still needs 
to be improved to achieve further understanding of the multi-phase 
combustion physics of hybrids. Our work would be further optimized 
by considering that the O/F ratio changes over time during the com
bustion of hybrid rocket motors [54]. The ultrasonic pulse echo tech
nique allows sequential measurement to determine the local 
instantaneous regression rate of solid fuels [55,56]. We envision that 
time-resolved diagnosis of motor combustion efficiency can be achieved 
if the TDLAS measurement in this work is combined with the ultrasonic 
pulse echo technique. Additionally, we expect to optimize the CFD 
model to take chemical reactions into consideration, and to construct a 
three-dimensional model to improve the simulation accuracy. Further
more, to improve measurement accuracy and spatial resolution, tunable 
diode laser absorption tomography (TDLAT) will be applied to deter
mine two-dimensional distributions of temperature and species 
concentration. 

5. Conclusions 

This work has detailed experimental research on characterizing 
combustion of a laboratory-scale oxygen/paraffin hybrid rocket motor. 
Experiments were conducted at different oxidizer mass fluxes ranging 
from 2.47 to 3.40 g/ (cm2⋅s), corresponding to O/Fs ranging from 2.77 
to 3.18. Variations in temperature and H2O partial pressure were 
measured by a mid-infrared TDLAS system near 2.5 μm, which covered 
the whole process of motor ignition, combustion, and shutdown. Anal
ysis of uncertainty propagation found temperature uncertainty has a 
significant impact on partial pressure accuracy. A 2D model was con
structed using the ANSYS FLUENT CFD software package. The TDLAS 
results were combined with CFD simulations to evaluate the combustion 
efficiency of the motor, for which the inlet conditions were provided by 
the CEA results. The evaluated PH2O-based efficiency ηP agrees well with 
the traditional C*-based ηC*, which validates the effectiveness of this 
evaluation method. However, the evaluated T-based efficiency ηT was 
not consistent with ηC*, which may be due to the assumption of non- 
combustion in the CFD simulations. Comparing ηT and ηC* among 
different firing cases, it was found that a higher oxidizer mass flux or O/ 
F ratio can improve the combustion performance, which agrees with 
droplet entrainment theory. These results validated the feasibility of 
TDLAS technology for combustion characterization of hybrid rocket 
motors, and suggestions were proposed for further studies. It is envi
sioned that TDLAS technology has the potential to inform design con
siderations of hybrid rocket motors. 
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