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Abstract
Human dolichol-phosphate-glucose synthase (hDPGS) is resident on the rough endoplasmic reticulum (rER)
membrane and provides three glucosyltransferases involved in the late assembly stage of dolichol-linked
oligosaccharides (DLOs), which are precursors of N-glycan, with dolichol-phosphate-glucose (DPG) as donor
substrate. In this study, we analyzed the membrane topology of hDPGS using the yeast split-ubiquitin system
(YSUS). The obtained data demonstrated that hDPGS includes two transmembrane domains (TMDs) and
orientates both N- and C- termini toward the cytosolic side of the rER membrane. In addition, using the YSUS,
we demonstrated that hDPGS physically interacts with human N-acetylglucosamine-1-phosphate transferase
(hGPT), hDPM2 and hDPM3 transmembrane subunits of human dolichol-phosphate-mannose (DPM) synthase
(hDPMS), human dolichol kinase (hDK) and human dolichol pyrophosphate phosphatase (hDPP). These results
strongly suggest that hDPGS cooperates with other dolichol-phosphate (Dol-P)-related enzymes in the
biosynthetic pathway of DLO.
Keywords: Dolichol-phosphate glucose synthase, Dolichol-linked oligosaccharide, Split-ubiquitin system,
Membrane topology, Physical interaction

1. Introduction
N-glycosylation is one of the important events for the
maintenance of both structure and function of many
glycoproteins in higher eukaryotes. The N-glycans on
glycoproteins are primarily derived from the dolichol-linked
oligosaccharides (DLOs), which are biosynthesized on the
rough endoplasmic reticulum (rER) membrane1). As shown in
Fig. 1, the assembly process of DLOs is further divided into
three stages: first, early assembly of up to Man5GlcNAc2-PPdolichol (Dol) on the cytoplasmic side by UDP-GlcNAc or
GDP-Man
dependent
glycosyltransferases;
second,
translocation of Man5GlcNAc2-PP-Dol into the luminal side
by a putative flippase; and finally, late assembly of full-sized
DLO (Glc3Man9GlcNAc2-PP-Dol) by three dolicholphosphate-mannose (DPM)-dependent mannosyltransferases
(hAlg 3, hAlg9 and hAlg12) and three dolichol-phosphateglucose (DPG)-dependent glucosyltransferases (hAlg6, hAlg8
and hAlg10)2-5). These highly ordered steps are well conserved
all through eukaryotes.
The DPG synthase (DPGS) catalyzes the transfer reaction
of glucose (Glc) from UDP-Glc to Dol-P, forming DPG, which
is utilized by hAlg6, hAlg8 and hAlg10 (red arrow in Fig. 1
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Fig. 1 Assembly of dolichol-linked oligosaccharides (DLOs)
and site of action regarding the human dolichol-phosphateglucose syntyhase (hDPGS). DK and DPP indicate dolichol
kinase and dolichol pyrophosphatase, respectively.
and Ref. 6). The gene encoding the DPGS was firstly
identified in the budding yeast as the ALG5 gene by
complementation assay of the yeast alg5 mutation, which
causes accumulation of Man9GlcNAc2-PP-dolichol, an
intermediate DLO, at non-permissive temperature7). Later on,
by searching EST databases and using low-stringency PCR
amplification to screen a human T-lymphocyte cDNA library,
a human DPGS cDNA encoding the ortholog of S. cerevisiae
ALG5 was isolated8) . The human DPGS gene encodes human
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Table I The PCR primers used in this study. Additional sequences containing a Sfi I- cleavage site are shown in lowercase letters.
Primer name

Nucleotide sequence

hA5BPfw

5’-tgtaatggccattacggccATGGCTCCGCTTCTGTTGCAGCTGG-3’

hA5BPrv

5’-gcctttggccgaggcggccttATTCATTTTCCGAGTTTGCTCAAGCCTC-3’

hA5HR1rv

5’-gcctttggccgaggcggccTCTTCATGTCGATGGAGTGCTGG-3’

hA5LR2rv

5’-gcctttggccgaggcggccGTACGGAAGTAAGAACGCTGAG-3’

hA5HR2rv

5’-gcctttggccgaggcggccTCTCGAGTAAATAATTTGAACCCACA-3’

hA5LR3rv

5’-gcctttggccgaggcggccTTAGAACCTTCAATTTCTGTCCAG-3’

hA5HR3rv

5’-gcctttggccgaggcggccGTCAAATATCGAAGTCGTATAAAAAG-3’

DPGS (hDPGS) protein, which consists of 324 amino acids
and shows 37% identity to the yeast Alg5p. Expression of the
human DPGS cDNA could partially complement the S.
cerevisiae alg5 deficiency8).
Although membrane topology and physical interaction of
the yeast Alg5p have been characterized9),10), those of
hDPGS remained to be analyzed in detail. Therefore, in this
study, we first investigated the membrane topology of hDPGS
using the yeast split-ubiquitin system (YSUS)9-13), a yeast twohybrid system that can specifically detect the physical
interaction between two membrane proteins14-16). Moreover,
we also characterized the physical interactions of hDPGS with
other enzymes involved in the DLO assembly using the YSUS.
2. Experimental Methods
2.1 Prediction of the membrane topology of hDPGS
In order to predict the membrane topology of hDPGS
protein, a WWW algorithms servers, TOPCONS17)
(https://topcons.cbr.su.se) was used. On its WEB site, the
amino acid sequence of hDPGS protein consisting of 324
residues was registered and surveyed regarding its
transmembrane domain (TMD) and membrane topology.
2.2 Construction of recombinant plasmids for the YSUS
The coding region of hDPGS gene was amplified from the
human cDNA pools derived from the human brain by standard
PCR method18) using specific primers listed in Table 1. It was
then digested with Sfi I, purified and ligated to the pBT-N or
pBT-C plasmid vector for expression of hDPGS bait protein
which has Cub (C-terminal half of ubiquitin protein) tag
prepared in the YSUS, at the N- or C- terminus, respectively.
Preparation of each recombinant plasmid was conducted by
standard cloning method19) with the Escherichia coli JM109
strain. The constructs for expression of hDPGS prey protein
were also prepared by the same procedure, except usage of the
pPR-N and pPR-C plasmid vectors instead of pBT-N and pBTC.
In order to analyze membrane topology of hDPGS, five
pBT-C vector-based constructs for expression of truncated
versions of hDPGS bait protein in yeast cell, pBT-ChDPGS/HR1, pBT-C-hDPGS/LR2, pBT-C-hDPGS/HR2, BTC-hDPGS/LR3 and pBT-C-hDPGS/HR3, were prepared via

Purpose
PCR cloning of the hDPGS into
pBT-N, pBT-C, pPR-N and pRR-C
PCR cloning of the hDPGS into
pBT-N, pBT-C, pPR-N and pPR-C
PCR cloning of the hDPGS from Nterminus to HR1 into pBT-C
PCR cloning of the hDPGS from
N-terminus to LR2 into pBT-C
PCR cloning of the hDPGS from
N-terminus to HR2 into pBT-C
PCR cloning of the hDPGS from
N-terminus to LR3 into pBT-C
PCR cloning of the hDPGS from
N-terminus to HR3 into pBT-C

PCR cloning described above.
In order to analyze the physical interactions of the hDPGS
with thirteen other enzymes involved in DLO assembly
(shown in Fig. 1), the prey constructs20) for their expression
were also prepared via PCR cloning described above.
2.3 Assays for the membrane topology of the hDPGS
The bait constructs, pBT-N-hDPGS, pBT-C-hDPGS and
four pBT-C-hDPGS LR series were used for co-transformation
of the Saccharomyces cerevisiae NMY51 strain, together with
the positive or negative control prey construct, pAI-Alg5 or
pDL-Alg5. The transformation of the yeast cells was carried
out by the standard method21). The co-transformants obtained
on the synthetic dextrose (SD) medium lacking leucine and
tryptophan (SD-LW) were then subject to the growth
examination on the SD medium lacking leucine, tryptophan
and histidine (SD-LWH) and SD medium lacking leucine,
tryptophan, histidine and adenine (SD-LWHA) according to
the
manual
supplied
by
Dualsystems
Biotech
(www.dualsystems.com).
2.4 Assays for the physical interaction of hDPGS
The bait construct, pBT-N-hDPGS or pBT-C-hDPGS was
combined with any prey construct of thirteen enzymes
involved in DLO assembly (shown in Fig. 1), and then they
were used for co-transformation of the yeast NMY51 strain.
After the co-transformation, the co-transformants grown on
SD-LW medium were subject to growth examination with SDLWH and SD-LWHA media, according to the same procedure
as described above.
3. Results and Discussion
3.1 The membrane topology of hDPGS
hDPGS protein is composed of 324 amino acid residues.
First, we started from predicting the membrane topology of
hDPGS protein with TOPCONS algorithms, a server freely
available on WEB sites. As shown in Fig. 2, TOPCONS
algorithm consequently predicted four loop regions (LRs 1 to
4) and three hydrophobic regions (HRs 1 to 3), corresponding
to TMDs, in hDPGS protein (Fig. 2, lower panel). It also
predicted that its N- and C- termini would be orientated toward
luminal and cytoplasmic sides of the rER membrane,
― 2 ―
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Fig. 2 Prediction of the membrane topology of hDPGS by
TOPCONS algorithm server (http://topcons.cbr.su.se/). Five
independent algorithms were firstly used for prediction of
membrane topology of hDPGS in the upper panel, and their
consensus predictoion was subsequently represented in the
lower panel. The three hydrophobic regions (HR1, HR2 and
HR3) were detected in hDPGS as transmembrane domains
(TMDs).
respectively (Fig. 2, lower panel). These predictions partly
agreed with the membrane topological model of the yeast
Alg5p protein previously obtained by the YSUS analysis9,10).
In order to confirm the predictions, we also applied the
YSUS to our analysis of hDPGS. The negative and positive
control prey constructs (pDL-Alg5 and pAI-Alg5, respectively)
prepared in the YSUS are designed to express Nub (N-terminal
half of ubiquitin protein) tag terminally fused to the Alg5
protein in cytoplasmic side of the rER, and readily available
to ascertain whether the terminal Cub tag of the bait protein
expressed on the rER membrane is located in the cytoplasm or
lumen20,22,23). Therefore, we prepared two bait constructs,
pBT-N-hDPGSand pBT-C-hDPGS, which express a fulllength hDPGS protein with N- and C-terminal Cub tags,
respectively. We also prepared four additional bait constructs,
pBT-C-hDPGS/HR1, pBT-C-hDPGS/LR2, pBT-ChDPGS/
HR2 and pBT-C-hDPGS/LR3, each of which expresses a
truncated version of hDPGS, whose C-terminal Cub tag is
respectively fused to HR1, LR2, HR2 or LR3 of hDPGS (Fig.
3, panel B). Each bait construct was combined with the pDLAlg5 or pAI-Alg5 control prey, and then they were used for
co-transformation of the yeast NMY51 cells.
In growth examination of resultant co-transformants
grown on SD-LW plates, co-transformants of the pBT-NhDPGS or pBT-C-hDPGS bait with the pAI-Alg5 positive
control prey have well grown on SD-LWH and SD-LWHA
plates (upper red frame in Fig. 3A), indicating that the terminal

Fig. 3 (A) Growth examination of co-transformants with
hDPGS baits / control prey constructs. After the selection of
colonies derived from the co-transformants on the SD-LW
medium, their suspensions were diluted with sterilized water
and adjusted to the OD600 values of 1.0, 0.1 and 0.01 (from left
to right). These diluents were orderly spotted on the SD-LWH
and SD-LWHA media for reporter detection, and SD-LW media
for growth control, and then incubated at 30 ºC for 2~4 days.
(B) The model of membrane topology of hDPGS based on the
YSUS analyses. Each Arrow indicatse position of Cub tag in
hDPGS bait protein expressed with seven hDPGS bait
constructs used in examination (A), where it was analyzed
whether the fused Cub tags were resided in cytosol or rER
lumen.
Cub tag fused to hDPGS protein specifically interacted with
NubI (normal type of Nub) tag of pAI-Alg5 located in
cytoplasm. Onthe contrary, those with the pDL-Alg5 negative
control prey exhibited no growth on both media (Fig. 3A),
because NubG (mutational type of Nub) tag of pDL-Alg5
located in cytosol is not able to spontaneously interact with
Cub tag located in cytosol20). From these results, it was
concluded that both N- and C- termini of hDPGS should be
located in the cytoplasmic side of the rER membrane (Fig. 3B).
In the five kinds of co-transformants where truncated
hDPGS bait protein and the pAI-Alg5 positive control prey
protein are co-expressing, those with the pBT-C-hDPGS/HR2,
pBT-C-hDPGS/LR3 and pBT-C-hDPGS/HR3 displayed
growth activities on SD-LWH and SD-LWHA media (lower
red frame in Fig. 3A), while those with the pBT-C hDPGS
/HR1 and pBT-C- hDPGS /LR2 did not (Fig. 3A).
Taken together, these observations demonstrated that Nterminal loop region (LR1), the third loop region (LR3) and
hydrophobic region (HR3), and C-terminal loop region (LR4)
of hDPGS are located in the cytosolic side of the rER
membrane and that the second loop region (LR2) is located in
the luminal side of the rER membrane (Fig. 3B). This model
of the membrane topology of the hDPGS coincides with that
of the yeast Alg5p previously proposed9,10), although the
possibility that the HR3 of the hDPGS would be a potential
membrane-embedded domain cannot be excluded. As shown
in Fig. 3B, the hDPGS possesses a DxD motif, which might
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Fig. 4 (A) Growth examination of co-transformants of two
full-lengthh hDPGS baits with preys of various
glycosyltransferases involved in DLO assembly. (B) Growth
examination of co-transformants of two truncated hDPGS
baits with preys of six glycosyltransferases, of which physical
interactions with full-length hDPGS were detected in panel A.
The experiments were performed according to the same
procedure as described in the legend of Fig. 3.
bind the co-factor Mg2+ ion, and a putative catalytic motif PxY
in LR2. Therefore, LR2 estimated to be located whthin the rER
lumen should be a catalytic domain. This means that available
donor substrate for the DPGS would be limited, because the
donor substrate, UDP-Glc, is biosynthesized in the cytoplasm
and partially transported into the rER lumen by the specific
transporters22). In addition, against UDP-Glc, the DPGS would
always compete with the UDP-Glc: glycoprotein
glucosyltransferase (UGGT) located within the rER. In
contrast, availability of the acceptor substrate for the DPGS
seems to be not relatively limited. The acceptor substrate, DolP, is de novo biosynthesized by dolichol kinase (DK) on the
cytosolic side of the rER membrane and freely flipp-flopped
through the rER membrane (Fig. 1). Moreover, Dol-P is also
reproduced by dolichol pyrophosphatase (DPP) in the luminal
side of the rER membrane (Fig. 1). As two other Dol-P
dependent enzymes, the DPMS and GPT, orientate their
catalytic domains toward cytoplasmic side (Fig. 1), the DGPS
would not directly compete with these enzymes for Dol-P.
3.2 The physical interaction of hDPGS
In order to test whether hDPGS physically interacts with
other enzymes in the same DLO assembly pathway, the bait
construct, pBT-N-hDPGS or pBT-C-hDPGS, was combined
with each prey construct of various enzymes which participate
in DLO assembly, including hDPGS itself, and the cotransformations of NMY51 cells were conducted. The results
of growth examination of co-transformants are shown in Fig. 4.
First, we successfully detected physical interactions of the
hDPGS with six proteins using pBT-C-hDPGS bait construct,
while we could not using pBT-N-hDPGS bait construct
(colored frames in Fig. 4A). Co-transformants with pBT-ChDPGS/pPR-N-hDPGS were able to grow on LHW and
LWHA media. However, those with pBT-N-hDPGS/pPR-NhDPGS,
pBT-N-hDPGS/pPR-C-hDPGS
and
pBT-ChDPGS/pPR-C-hDPGS were not (Fig. 4A).
These observations suggested that two hDPGS molecules
might associate with each other in a specific manner, perhaps

in a head-to-tail manner, to form homo-dimer on the rER
membrane (Fig. 5). Viability of co-transformants of pBT-ChDPGS with pPR-N-hDPM2 or pPR-N-hDPM3 on both
selective media suggested that hDPGS might closely associate
with two transmembrane subunits of the human DPM synthase
(hDPMS) (Fig. 4A). Otherwise, physical interactions of
hDPGS with human N-acetylglucosamine-1-phosphate
transferase (hGPT), human dolichol kinase (hDK) and human
dolichol-pyrophosphatase (hDPP) were also detected (Fig.
4A). It appeared that hDPGS would not physically interact
with hMPDU1, which play an eesential role in usage of DPM
yielded by hDPMS for luminal DPM-dependent
mannosyltransferases (Ref. 23 and Fig. 1), and three DPGdependent glucosyltransferases (Fig. 4A).
Next, we used three truncated bait constructs for the furtther
YSUS analysis, instead of pBT-C-hDPMS. From the results
shown in Fig. 3A, it has been demonstrated that the Cub tags
expressed from pBT-C-hDPGS/HR2, pBT-C-hDPGS/LR3,
and pBT-C-hDPGS/HR3 were orientated toward cytosolic
side, while those from pBT-C-hDPGS/HR1 and pBT-ChDPGS/LR2 bait constructs toward rER luminal side. Hence,
the former bait constructs were applicable for analysis of
physical interaction.
When the pBT-C-hDPGS/HR3 bait construct was used in
the assay, the same pattern of the interactions observed with
the pBT-C-hDPGS bait construct, represented in Fig. 4A, was
again detected (data not shown). When the pBT-ChDPGS/LR3 bait construct was used, physical interaction
between two hDPGS molecules were still maintained (red
frame in Fig. 4B). On the contrary, it was abolished when the
pBT-C-hDPGS/HR2 bait construct was used (Fig. 4B). These
observations suggest that the LR4 (C-terminal loop region)
and HR3 of hDPGS would not necessary for homodimerization of the enzyme and that the LR3 of hDPGS of one
side should be required for homo-dimerization (Fig. 5).
Physical interactions of hDPGS with hDPM2, hDPM3,
hGPT, hDK and hDPP, detected using pBT-C-hDPGS or pBTC-hDPGS/HR3 bait, completely disappread when the pBT-C― 4 ―

Proceedings of the School of Engineering
Tokai University, Series E

Characterization of the Membrane Topology and Physical Interaction of Human Dolichol-Phosphate-Glucose Synthase

establish the importance of this enzyme in Dol-P metabolism,
further analyses are necessary to be carried out.
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Abstract
We propose a new concept of accident tolerant fuel assembly composed of an SiC block for current
commercial BWRs or ABWRs, which is called the "KAMADO-BWR" assembly. The KAMADO-BWR assembly
is designed as one type of replacement fuel assembly for commercial BWRs or ABWRs. Conventional UO 2 fuel
pellets are enclosed in many holes (fuel stacks) in the SiC block. The melting point of SiC and UO 2 is higher
than 3000 K and these ceramic materials scarcely produce hydrogen with light water coolant. Most of the heat
generated at the fuel pellets is significantly transferred through the SiC block, and it is removed by the twophase flow of light water coolant inside or outside the SiC block. The thermal hydraulic and neutron reaction
properties of the KAMADO-BWR assembly, such as maximum temperature, critical heat flux (CHF), infinite
multiplication factor (k-inf) and peaking power ratio were estimated with analytical methods, and they were
equivalent to those of the commercial BWR fuel assembly. It is possible to lower the maximum fuel temperature
by increasing the number of fuel stacks and decreasing the power density of each fuel stack in the assembly,
which can improve the safety margin. Accordingly, the KAMADO-BWR assembly is expected to be one
candidate for the accident tolerant and replacement fuel assemblies for commercial BWRs or ABWRs.
Keywords: KAMADO-BWR, SiC block, Accident tolerant fuel (ATF), Critical heat flux (CHF), Replacement
fuel

1. Introduction

concepts can improve accident tolerance with an SiC block
instead of metal claddings to prevent generating hydrogen.

The severe accident of the Fukushima Daiichi has shown
that under such extreme conditions, nuclear fuel claddings
generated hydrogen at high temperature over 1400 K by
reactions with water or steam. Large amount of the generated
hydrogen exploded and caused serious damage to the plant.
Recently, attention to accident tolerant fuel (ATF) is
increasing, which has more resistant to fuel failure and
hydrogen generation. SiC based cladding tubes, chromium
coated tubes on zirconium alloy or other various ATF designs
have been proposed and their related researches and
developments are progressing 1, 2).
We have been proposing a new concept of fuel assembly
and core that is called the KAMADO (a classical hot range in
Japanese), in which we make use of the solid heat transfer and
multiple heat paths to coolant 3 - 5). The KAMADO concept is
applied to commercial BWRs, and two types of fuel
assemblies are constructed as shown in Fig. 1. The fuel pellets
are enclosed in many holes in an SiC block, and the generated
heat at the fuel pellets is transferred through the SiC block to
the two-phase flows similar to the BWR fuel assembly. The
fuel pellets in Fig. 1 (a) are equivalent to the BWR 9×9 type,
and (b) are equivalent to the BWR 11×11 type. These fuel
*1 Part-time Lecturer, Department of Nuclear Engineering
*2 Professor, Global Research Institute of Nuclear Energy
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Fuel Pellet
SiC block
Two phase flow
(a) KAMADO-BWR 9×9 type
Fuel Pellet
SiC block

Two phase flow

(b) KAMADO-BWR 11×11 type
Fig. 1 KAMADO-BWR fuel assemblies.

Tetsuo MATSUMURA and Takanori KAMEYAMA

In this paper, results of temperature, thermal hydraulic,
mechanical and neutron reaction analyses for the KAMADOBWR fuel assembly are described. SiC materials, fabrication
methods, thermal conductivity, super-critical heat flux and
severe accident cases for the fuel assemblies are also discussed.

in Eqs. (1),
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where ΔT is the difference between the assembly surface
temperature and coolant saturated temperature (K), qw is the
heat flux at the assembly surface (kcal/m2/h), p is the pressure
(ata), W is the assembly generation power (kcal/h), and A is
the heat transfer area (m2).
The Comparison between Fig. 2 (a) and (b) shows that
the maximum temperature on the fuel pellet center can be
reduced by decreasing the diameter of the fuel pellets and
increasing the number of fuel stacks.

2. Fuel temperature analyses
The specifications of the KAMADO-BWR fuel assembly
are listed in Table 1. Common items of the KAMADO-BWR
such as assembly outer dimensions are the same as those of
the commercial BWR 9×9-B fuel assembly 6). The KAMADOBWR fuel assembly can be used as a replacement fuel
assembly for commercial BWRs or ABWRs.
Table 1 Specifications of the KAMAD-BWR fuel assembly.
Item
Value

①

②

KAMADO-BWR common
Assembly outer dimension

139.0 mm × 139.0 mm

Assembly height

3.710 m

Assembly pitch

152.4 mm

Assembly generation power

4.31 MW

Plant pressure

7.02 MPa

Saturated temperature

560 K

Coolant mass flow

③

(K)

17.6 kg/s
(a) 9×9 type

Pellet diameter

9.6 mm

Number of fuel stacks

72

Fuel pitch

12.6 mm

Uranium weight

168 kg

(a) KAMADO-BWR 9×9 type

(b) 11×11 type
Pellet diameter

8.2 mm

Number of fuel stacks

96

Fuel pitch

9.93 mm

Uranium weight

162 kg

④

⑤
⑥

Since the specifications of BWR 11×11 such as the fuel
pellet diameter is not still published, the values of PWR 17×17
are used here that are closed to those of BWR 11×11.
The fuel temperature distribution was calculated with the
finite element analysis system LISA 7). Assuming that the axial
power peaking ratio to the average power rate was realistic
value 1.4, the horizontal temperature distributions at the axial
peaking position are shown in Fig. 2. Since the thermal
conductivity of SiC is high (200 W/m/K), the maximum
temperature on the fuel pellets center is (a) 1313 K in the BWR
9×9 type and (b) 1128 K in the BWR 11×11 type, respectively.
The thermal conductivity of UO2 fuel pellet was set to 2.54
W/m/K, which is a conservative value. The temperature of the
SiC block is suppressed to 580 K close to the temperature of
the two-phase flow (560 K). The heat transfer coefficient h
from the SiC block to the two-phase flow is 94 kW/m2/K for
the BWR 9×9 type or 89 kW/m2/K for the BWR 11×11 type
respectively, which is calculated with the Jens-Lottes equation 8)

(K)

(b) KAMADO-BWR 11×11 type
Fig. 2 Temperature distributions in the KAMADO-BWR.
3. Thermal-hydraulic analyses
The pressure drop Fp (Pa/m) with friction pressure of the
fuel assembly in the single-phase flow of water is generally
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expressed by the Darcy–Weisbach equation 9) in Eq. (2),
2! =

3 5' 6(
4 2

heat transfer area in the fuel assembly is 19.7 MW for the
BWR 9×9, and 16.6 - 21.6 MW for the KAMADO-BWR. The
Q can be adjusted by changing the dimensions of flow path in
the KAMADO-BWR assembly. Accordingly, the CHF of the
KAMADO-BWR is equivalent to that of the BWR 9×9.

(2)

where f is the coefficient of friction, D is the equivalent
hydraulic diameter (m), U is the fluid velocity (m/s) and ρm is
the water density (kg/m3). The f is calculated by the Nikulase
equation in Eq. (3) that can be applied with 105 < Re < 108,
where Re is the Reynolds number,
3 = 0.0032 + 0.2219( )*.(#,

(3).

The U is calculated from the coolant mass flow and the flow
path area inside of the fuel assemblies. The U values are 2.60,
3.04 and 2.41 (m/s) for the BWR 9×9, KAMADO-BWR 9×9
type and 11×11 type respectively. As the Fp depends on the D
shown in Table 2 for each flow path ① - ⑥ in Fig. 2, and
the Fp calculated with Eq. (2) are listed in Table 2.
In the KAMADO-BWR, friction pressure of the fuel
assembly is about 1/2 - 1/4 of that in the BWR 9×9. The static
pressure multiplied by height is 26.8 kPa for 3.71 m. The
pressure drop in the two-phase flow with friction pressure is
about 100 times higher than that in water 9), which is on the
order of MPa in the BWR 9×9 fuel assembly.
The critical heat flux (CHF: qc) in the two-phase flow was
evaluated by the Katto's equation 10) in Eq. (4),

4. Mechanical stress analyses
In terms of structural strength, the tensile strength of SiC
(approximately 200 MPa) is equivalent to that of metal
materials (200 - 500 MPa). During the assembly loaded in the
BWR, the reactor pressure (7 MPa) applies compressive stress
to the SiC block and fuel stacks. The stack internal pressure
by enclosed He is set to 1 MPa during manufacturing and 2
MPa during operation. The calculation results of the
KAMADO-BWR 9×9 and 11×11 types with LISA are shown
in Fig. 3 (a) and (b). Although there are some tensile stresses
(positive values), most of them are compressive stresses
(negative. values). The compressive stress is not a problem in
terms of the compressive stress limit of SiC (2000 MPa or
more).
During unloading the assembly from BWR, the tensile
stress on the SiC block is generated by the enclosed He
pressure (1MPa) inside the fuel stack. The maximum stress is
3.5 MPa for the KAMADO-BWR 9×9, and 4.7 MPa for the
KAMADO-BWR 11×11 types, respectively as shown in Fig. 4
(a) and (b). There are sufficient margins for the tensile strength
(approximately 200 MPa).

*.*&#

)>5' 6(
= <= ( @
:;./
: ?
C = 0.25

4/?

(Pa)

(4)

Reactor pressure
7 MPa

?/4 < 50,

= 0.25 + 0.0009(?/4 − 50)
= 0.34
?/4 ≥ 150

50 ≤ ?/4 < 150,
Gas P.
2 MPa

where L is the assembly height (m), G is mass velocity
(kg/m2/sec), Hfg is the heat of vaporization (kJ/kg), σ is the
surface tension (N/m) and C is the coefficient changing with
L / D.
The qc is 2.15 MW/m2 for the BWR 9×9 and 3.79 - 5.51
MW/m2 for KAMADO-BWR according to the flow path
shown in Fig. 2. The Details are summarized in Table 2.

(a) KAMADO-BWR 9×9 type
type
(Pa)

Table 2 Pressure drop and CHF for each flow path.
Type
D (m)
Fp (kPa/m) qc (MW/m2) Q (MW)
BWR

0.0147

2.4253

2.1451

19.7

(a)-①

0.0253

1.6928

4.2244

16.6

(a)-②

0.0303

1.3662

4.7387

18.6

(a)-③

0.0379

1.0515

5.5101

21.6

(b)-④

0.0298

0.9156

3.7920

16.7

(b)-⑤

0.0340

0.7825

4.1426

18.3

(b)-⑥

0.0397

0.6529

4.6100

20.3

Gas P.
2Gas
MPaP.
2 MPa

The CHF of the KAMADO-BWR is larger than that of
the BWR, but it is necessary to consider the heat transfer area.
The critical heat output Q of the assembly multiplied by the

(b) KAMADO-BWR 11×11 type
Fig. 3 Stress distributions on SiC block during loading.
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Reactor pressure
7 MPa
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(Pa)

Atmospheric pressure
0.1 MPa

each SiC block. It is also necessary to consider the effect of
doped Gd concentration and the average void ratio.
Table 4 k-inf. at BOL with void ratios.
Assembly type
Void (%)
H/U
k-inf.

Gas P.
1 MPa

BWR 9×9

(a) KAMADOBWR 9×9 type
(a) KAMADO-BWR 9×9 type
type
(Pa)

Atmospheric pressure
0.1 MPa

(b) KAMADOBWR 11×11 type

0

7.0661

1.4308

40

5.2965

1.4173

70

3.9694

1.4011

0

5.0771

1.4189

40

3.7908

1.3830

70

2.8261

1.3296

0

6.1389

1.4348

40

4.4689

1.4060

70

3.2164

1.3544

1.45
0
0

1.40

k-inf.

Gas P.
1 MPa

0
0

1.35
Fig. 4 Stress distributions on SiC block during unloading.

Table 3 Fuel nuclide composition 13).
Nuclide
Number density (1/barn/cm)
234

U

8.0530E-6

235

U

8.8880E-4

236

U

5.4190E-6

238

U

2.1040E-2

O (Natural)

4.4380E-2

Infinite neutron multiplication factors (k-inf.) of the fuel
assemblies for the commercial BWR 9×9, the KAMADO
BWR 9×9 and 11×11 type with void ratios (0, 40, 70%) at the
beginning of life (BOL) are summarized in Table 4, assuming
that 235U enrichment for all the pellets in three assemblies is
homogeneous, 4% here.
The k-inf. depends on the nuclide number density ratio of
hydrogen to uranium (H/U), as shown in Fig.5. Comparing the
values at 40% void ratio, the k-inf. increased as the H/U
increase, in ascending order of the KAMADO-BWR 9×9 type,
11×11 type and commercial BWR 9×9. The k-inf. and H/U can
be adjusted by U loading weight of pellets or water area in

BWR 9×9

0

KAMADO-BWR(a)
KAMADO-BWR(b)

0

1.30
2

0

4

0

6

0Number Density Ratio
Fig. 5 Changes of
0 k-inf. with H/U at BOL.

8

(H/U)

The k-inf. of the fuel assembly for the KAMADO-BWRs
is almost the same as that for the commercial BWR as burnup
increases (Fig. 6). The k-inf. for the KAMADO-BWRs is less
than that for the commercial BWR at BOL, while the k-inf. for
the KAMADO-BWRs becomes greater at the end of life (EOL),
because of the higher Pu conversion ratio for them.

1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8

BWR 9×9
KAMADO-BWR(a)
KAMADO-BWR(b)

k-inf.

In neutron reaction calculations, the compositions of UO2
fuel with 4% enrichment are listed in Table 3. The Monte Carlo
codes MVP3 11) and MVP-BURN 12) were used for these
calculations.

0
0

(b) KAMADO-BWR 11×11 type

5. Neutron reaction analyses

40% Void

0

10

20

30

40

Burnup (MWd/kgU)

50

Fig. 6 Changes of k-inf. with burnup.
The power distributions of the fuel stack in the
KAMADO-BWR are shown in Fig.7, where the void ration is
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40% inside and 0% outside the fuel assembly. They are slightly
higher at the corner stacks due to the effect of the outside
moderator. Although there are further issues such as the effect
of Gd fuel, these peaking factors (1.17 or 1.14) may be smaller
than that of the commercial BWR fuel assemblies.

1.04

1.01

1.02

0.95

3) cover the block with a seal of swollen graphite that can
withstand high temperature,
4) put a lid on the seal and tighten them with bolts and nuts.
Nut
Lid

0.98 0.96 0.93 0.87 0.95 1.01
1.03

0.93

1.08

0.96

Seal
Fuel Pellet

1.17 1.08 1.03 0.98 1.02 1.04
(a) KAMADO-BWR 9×9 type
1.05

1.01

1.00

0.94

SiC Block

0.97 0.96 0.98 0.93 0.88 0.94 1.01
1.01

0.93

1.05

0.98

1.08

0.96

1.14 1.08 1.05 1.01 0.97 1.00 1.05

(b) KAMADO-BWR 11×11 type
Fig. 7 Stack power distributions in KAMADO-BWR fuel
assemblies.

Fig. 8 Fabrication method for KAMADO-BWR fuel
assembly.

6. Discussions
SiC materials, fabrication methods, SiC thermal
conductivities, superior CHFs, severe accident cases for the
KAMADO-BWR and application to PWRs are discussed.
6.1 SiC material
SiC materials are known to have high strength but be
fragile. For this reason, SiC / SiC composite materials in SiC
fibers are researched and developed 14). In addition, there are
various methods for manufacturing SiC parts or blocks, such
as atmospheric pressure sintering method, hot press method,
hot isotropic press (HIP) method, chemical vapor deposition
(CVD) method, reaction sintering (RS) method and others.
Since the mechanical performance of SiC differs depending on
these methods, it is necessary to pay careful attention to the
results of research and development for the SiC manufacturing
methods 15).
6.2 Fabrication method
SiC parts or blocks can be produced by powder sintering
method such as hot press method. However, it is known that
some processes such as welding and other joining method is
difficult for SiC materials. A trial method without joining
processes to fabricate the KAMADO-BWR fuel assembly is
suggested and shown in Fig. 8.
The fabricating procedures are as follows:
1) manufacture an SiC block with necessary holes for fuel
stacks by the powder sintering method,
2) insert fuel pellets into the holes in the SiC block,

6.3 Thermal conductivity
It has been reported that the thermal conductivity of SiC
deteriorates as irradiation damages in it are accumulated 16).
We analyzed the temperature distribution when the thermal
conductivity of SiC was reduced to 20 W/m/K, which is 1/10
of that in as-fabricated fresh conditions. Comparing with
results in the previous temperature analysis shown in Fig.2 (a),
the maximum fuel temperature (1137 K) increased by 39 K at
the same assembly power (4.31 MW) as shown in Fig. 9. The
temperature increment is slight.
It has been also reported that the thermal conductivity
deterioration with irradiation damages depends on the method
of manufacturing SiC matrices or making SiC / SiC composite
materials 17).
(K)

Fig 9 Fuel temperature distribution in KAMADO-BWR 9×9
type at reducing SiC heat conductivity to 20 W/m/K.
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6.4 Superior CHF
If the heat flux to the two-phase coolant inside the
KAMADO-BWR fuel assembly exceeds the critical heat flux
qc during operation, and if the coolant becomes only steam,
major parts of the heat generated at fuel pellets can be removed
through the surfaces surrounding the fuel assembly.
The cooling performance by steam was evaluated by the
Dittus-Boelter formula 9) in Eq. (5),
ℎ = 0.0239( *.0 JK *.& L/4

where σSB is the Stefan-Boltzmann constant and T is the
surface temperature (K). Assuming that the surface
temperature of the assembly is 1500 K, the h becomes 191
W/m2/K. Using the h, the maximum temperature at fuel pellets
is 1881 K and the minimum temperature is 1569 K (Fig. 11).
The fuel decay heat in the KAMADO-BWR fuel
assembly can be also sufficiently removed by conduction of
radiant heat through the SiC block to the coolant. Hence it may
be possible to prevent fuel melting in case of severe accidents.

(5)
(K)

where Pr is the Prandtl number, λ is the thermal conductivity
of steam, and D is the value at flow pass ② in Fig. 2. The h
is calculated to be 10.3 kW/m2/K, while the coolant becomes
the two-phase flow outside the fuel assembly and the cooling
performance is still maintained to be high (94 kW/m2/K). The
maximum fuel temperature (1171 K) increased by 73 K at the
same assembly power (4.31MW) as shown in Fig. 10. The
temperature increment is not large.
(K)

Fig 11 Fuel temperature distribution in KAMADO-BWR 9×9
type during severe accident.

Fig 10 Fuel temperature distribution in KAMADO-BWR 9×9
type beyond CHF condition.
If the heat transfer capability of the flow path is reduced
inside the fuel assembly and is maintained outside it, the
cooling performance can be ensured. Moreover, if the thermal
conductivity of SiC also was reduced to 20 W/m/K, the
maximum fuel temperature (1230 K) increased by 132 K at the
same assembly power. Consequently, the temperature
increment is not significant on the fuel integrity.

6.6 Application to PWR
Another KAMADO concept can be also applied to
commercial PWRs, and the PWR 17×17 type fuel assembly is
shown in Fig. 12. The assembly necessarily includes an incore instrumentation thimble and control rod guide thimbles
at the fixed locations in the commercial PWRs. The fuel pellet
diameter is 7.8 mm, smaller than 8.2 mm diameter of the
commercial PWR fuel pellet, and the number of fuel stacks is
252 less than 264 rods in each PWR assembly. There are still
manufactural and mechanical issues to be confirmed, such as
stability on inserting or drawing control rods.

6.5 Severe accident
When the cooling water was exhausted in case of the
severe accidents, the temperature distribution in the
KAMADO-BWR fuel assembly was evaluated assuming the
fuel decay heat decreased to 1/10 of the fuel fission reaction
energy. There is no cooling inside the assembly, and simple
evaluation outside the assembly was carried out with the
radiative cooling formula in Eq. (6),

Fuel stack
Control rod guide thimble

ℎ = >12 " #

(6)

In-core instrumentation thimble
Fig 12. KAMADO-PWR 17×17 type fuel assembly.
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7. Conclusions
A new concept of the accident tolerant fuel assembly for
the KAMADO-BWR is proposed, and the assembly is
composed of an SiC block and conventional UO2 fuel pellets.
The melting point of SiC and UO2 is higher than 3000 K and
these ceramic materials scarcely produce hydrogen with light
water coolant. The considerable thermal conductivity of SiC
also provides the significant heat transfer from the pellets to
the coolant.
Analytical results of the fuel assembly temperature,
mechanical stress, thermal-hydraulics and neutron reaction
prove that both the KAMADO-BWR 9×9 and 11×11 type
assemblies have satisfactory performance equivalent to the
commercial BWR 9×9 assembly.
The maximum temperature on the fuel pellet center can
be reduced by decreasing the diameter of the fuel pellets and
increasing the number of fuel stacks. If the thermal
conductivity of SiC deteriorating due to irradiation damage
accumulation, the increment in the maximum fuel temperature
is slight.
As the friction pressure in the KAMADO-BWR fuel
assembly is much less than that in the commercial BWR 9×9
fuel assembly, the pressure drop of flow path in the
KAMADO-BWR also becomes the less.
Though the stress on the SiC block is compressive during
the reactor operation or tensile while unloading the fuel
assemblies, stresses in these conditions are much less than the
limit of structural strength of SiC.
Since the KAMADO-BWR 9×9 and 11×11 type assembly
have the smaller H/U ratio than that of the commercial BWR
9×9 assembly, the k-inf. of the KAMADO-BWR assemblies is
less at BOL, while it becomes greater at EOL than that of the
commercial BWR because of higher Pu conversion ratio.
Additionally, SiC materials, fabrication methods, SiC
thermal conductivities, superior CHFs, severe accident cases
for the KAMADO-BWR fuel assemblies and application to the
PWR 17x17 type assembly are discussed. They are
appropriately verified or confirmed.
Accordingly, the concept of KAMADO-BWR assembly
is expected to be one candidate of the accident tolerant and
replacement fuel assemblies for commercial BWRs or ABWRs.
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Abstract
Ammonium ions (NH 4 + ) were generated in water irradiated with an atmospheric-pressure argon (Ar) plasma
jet in air at room temperature. The concentration of NH 4 + in the water was measured using a capillary
electrophoresis (CE) system under different plasma irradiation conditions [plasma irradiation duration, 20–80
min; applied voltage, 8–10 kV; plasma irradiation distance (position of the water surface), 2–40 mm]. The
NH 4 + concentration in the water increased approximately in proportion to the plasma irradiation duration and
applied voltage. The maximum NH 4 + concentration was 43.2 µM when the applied voltage was 10 kV, the Ar
gas flow rate was 10 L/min, the plasma irradiation distance was 10 mm, and the plasma irradiation duration was
80 min. The power consumption during plasma irradiation was ~20 W.
Keywords: Atmospheric-pressure plasma, Ammonium ions, Capillary electrophoresis

1.

Introduction

Ammonia (NH3) is used in the synthesis of various chemical
products such as fertilizers, explosives, plastics, and synthetic
fibers and resins1-3). According to a research report of the
United States Geological Survey (USGS), the annual world
total production of NH3 was ~96 million tons in 1995, ~104
million tons in 2000, ~131 million tons in 2010, and ~150
million tons in 2019, showing a yearly increase4-6).
Approximately 80% of the produced NH3 is used in the
manufacture of fertilizers7,8). NH3 is a chemically synthesized
product that is indispensable for producing the food essential
for our survival. NH3 is also expected to be used as a hydrogen
carrier for fuel cells, which are necessary for the realization of
a hydrogen-energy-based society, and as an easy-to-handle
energy source that can be easily liquefied9-11).
The current industrial synthesis of NH3 is generally based
on the Haber–Bosch process1-3). In 1909, Haber succeeded in
synthesizing NH3 by reacting nitrogen gas (N2) with hydrogen
gas (H2) using osmium (Os) as a catalyst at 500–600 oC and
200 atm12). The industrialization of NH3 synthesis was
promoted by Bosch and coworkers at BASF in Germany, and
in 1912, Mittasch and coworkers at BASF successfully
synthesized NH3 using a triiron tetroxide (Fe3O4) catalyst
mixed with 2-6% alumina (Al2O3) and 0.2–0.6% potassium
oxide (K2O) instead of an Os catalyst at a decreased
temperature (450 oC) and pressure (100 atm)13,14).
The Haber–Bosch process is a high-temperature, high*1 Associate Professor, Department of Electrical and
Electronic Engineering
*2 Associate Professor, Department of Chemistry

pressure process that consumes much energy, which led to a
search for catalysts to lower the temperature and pressure in
the synthesis process15). In 1971, Ozaki et al. achieved a
reduced temperature (146 oC) and pressure (600 mmHg) using
a ruthenium (Ru)-carbon (C)-potassium (K) catalyst instead of
an iron-based catalyst16). In 2003, Yandulov and Schrock
reported the synthesis of NH3 at room temperature and 1 atm
using a molybdenum (Mo) nitrogen complex with a triamide
monoamine tetradentate ligand17). Since this report, many
researchers have reported the synthesis of NH3 at room
temperature and 1 atm using various catalysts.
H2 gas is used in the Haber–Bosch process and must be
produced for the synthesis of NH3. H2 gas is mainly produced
by reforming natural gas. In plants for NH3 synthesis, the
production process of H2 gas accounts for a large part of the
entire process, and more than 90% of the total energy
consumption of the NH3 synthesis process is spent on the
production of H2 gas. The process of NH3 synthesis including
the production of H2 gas makes up 1–2% of the total energy
consumption by human beings18). Therefore, if NH3 can be
synthesized without using H2 gas, energy consumption will be
greatly reduced.
A method of NH3 synthesis at room temperature without
catalysts and H2 gas was reported by Haruyama et al. in
201619). By combining ultraviolet (UV) light irradiation and
an atmospheric-pressure air plasma or N2 plasma, they
successfully generated NH3 in water using water instead of H2
gas.
An atmospheric-pressure plasma is generated under
atmospheric pressure, as indicated by its name. Compared
with low-pressure plasmas, atmospheric-pressure plasmas are
characterized by an electron temperature being higher than the
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2.

Experimental methods

Figure 1 shows a schematic of the experimental setup used
in this study. In the unit that generates a plasma jet, a discharge
electrode made of a copper tube (inner diameter, 4 mm; outer
diameter, 6 mm) was inserted into a dielectric quartz tube
(length, 50 mm; inner diameter, 6 mm; outer diameter, 8 mm)
wrapped with copper foil (thickness, 0.05 mm; width, 10 mm)
that functioned as the ground electrode. A high AC voltage was
applied to the electrodes to induce dielectric barrier discharge
inside the quartz tube between the electrodes and to convert
the introduced Ar gas to plasma that was then ejected into air
in the form of a jet. The plasma jet was generated at a
frequency of 10 kHz and an applied voltages of 8-10 kV using
a high-voltage power supply (LHV-10AC, Logy Electric Co.,
Ltd.). Distilled water (20 mL) in a glass Petri dish of 60 mm
diameter was irradiated with the plasma jet at distances of 240 mm (from the end of the quartz tube to the liquid surface)
for 0-80 min. Ar gas was adjusted the gas flow rate of 10 L/min
using a gas flow meter (RK-1250, Kofloc). Voltage and current
were measured using a digital oscilloscope (TDS1001B,

Voltage (kV)

Fig. 1 Schematic of experimental setup.

Current (mA)

ion temperature in the plasma as well as a high electron
energy20,21). Research on the surface treatment of solid
materials22-24), the purification of water25,26), and the
inactivation of bacteria and fungis27,28) has been carried out
using
atmospheric-pressure
plasmas.
In
particular,
atmospheric-pressure plasmas have recently been used in
biomedical applications29,30), such as cancer treatment31,32),
and the intracellular introduction of genes and drug
molecules33,34), which has been intensively studied.
In our laboratory, we have been studying the decolorization
of colored wastewater using an atmospheric-pressure argon
(Ar) plasma jet35-37). We previously reported that hydrogen
peroxide (H2O2)38, 39) as well as nitric acid (HNO3) and nitrous
acid (HNO2)40,41) were formed in distilled water irradiated
with an atmospheric-pressure Ar plasma jet. In these studies,
the possibility of nitrogen (N) radicals being formed through
the dissociation of N2 molecules in the air was discussed as a
cause of the formation of HNO3 and HNO2. NO3 and NO2 are
formed because of the oxidation reaction of N radicals. oxygen
(O) radicals, which are necessary for the oxidation reaction,
should be formed by the dissociation of oxygen molecules (O2)
in air. It was considered that the N and O radicals combine to
form NO3 and NO2. The dissociation of N2 and O2 molecules
is considered to be caused by high-energy electrons in the
plasma. When the high-energy electrons collide with water
(H2O) molecules, the H2O molecules are dissociated into
hydrogen (H) and hydroxyl (OH) radicals. The OH radicals
combine with each other to form H2O2. Recently, we predicted
that NH3 can be produced when N and H radicals combine.
In this paper, we report that NH3 is formed in distilled water
irradiated with an atmospheric-pressure Ar plasma jet in air.
The dependences of the concentration of ammonium ions
(NH4+) in the distilled water on the plasma irradiation duration,
applied voltage, Ar gas flow rate, and plasma irradiation
distance were determined. The temperature of the distilled
water during plasma irradiation was also measured using a
thermocamera.

10
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Fig. 2 Typical waveforms of voltage and current (applied
voltage, 10 kV; irradiation distance, 15 mm).

Tektronix, Inc.), a high-voltage probe (P6015A, Tektronix,
Inc.), and a current probe (A621, Tektronix, Inc.). Power
consumption during plasma irradiation was measured using a
watt monitor (TAP-TST8N, Sanwa Supply Inc.).
Nessler’s reagent was used to confirm the presence of NH3
in the distilled water. A capillary electrophoresis (CE) system
(G1602A, Agilent Technologies Japan, Ltd.) was used to
measure the NH4+ concentration in the distilled water. NH3 is
present as NH4+ in the distilled water. As the electrophoresis
solution, a mixed solution of 10 mM imidazole, 5 mM lactic
acid, and 0.5 mM 18-crown-6 was prepared, with the pH
adjusted to 4.5 using 1 M acetic acid. Fused silica tubes with
an inner diameter of 50 μm were used as the capillary tubes.
The NH4+ was detected by the indirect absorbance method
with an applied voltage of 30 kV, a detection wavelength of
310 nm (bandwidth of 20 nm), and a control wavelength of
215 nm (bandwidth of 10 nm).
A thermocamera (F30, NEC Avio Infrared Technologies)
was used to measure the temperature of the distilled water
during plasma irradiation.
3.

Results and discussion

Figure 2 shows typical voltage and current waveforms
during plasma irradiation. In the voltage waveform, a pulse
with a maximum voltage of 10 kV and a maximum width of
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Fig. 3 Photograph of plasma jet ejected onto distilled water
(applied voltage, 10 kV; irradiation distance, 15 mm).

NH4+ concentration ( μM)

(a)
(b)
(c)
(d)
(e)
Fig. 4 Reaction of Nessler’s reagent for different plasma
irradiation durations (applied voltage, 10 kV; irradiation
distance, 15 mm); (a) 0 min, (b) 20 min, (c) 40 min, (d) 60 min,
and (e) 80 min.
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Fig. 5 Dependence of NH4+ concentration on plasma
irradiation duration (applied voltage, 10 kV; irradiation
distance, 15 mm).

~33 μs appears once every 100 μs (because the power source
frequency is 10 kHz). In the current waveform, the peaks were
observed at the rise and fall of the voltage in the voltage
waveform, and the maximum and minimum currents were 380
and − 220 mA, respectively. This suggested that discharge
occurred twice in 100 μs. The positive and negative currents
were considered to be due to Ar+ ions and electrons,
respectively. The time between the positive currents and the
negative currents were ～ 25 μ s. The power consumption
during the irradiation of the plasma to the distilled water was
~20 W.
Figure 3 shows the plasma ejected onto the distilled water.
There were many streamers in the plasma, which looked like
white lines and collided with the distilled water. Therefore, it
is considered that both Ar+ ions and electrons in the plasma
reached the surface of the distilled water.
Figure 4 shows the reaction of Nessler’s reagent for

different plasma irradiation durations. The color of the reagent
was pale brown after 20 min of irradiation and became darker
with increasing plasma irradiation duration. This result
indicates that NH4+ was present in the distilled water owing to
plasma irradiation and that its concentration increased with the
plasma irradiation duration.
Figure 5 shows the dependence of the NH4+ concentration
in the distilled water on the plasma irradiation duration. The
NH4+ concentration in the distilled water increased almost in
proportion to the plasma irradiation duration and was 43.2 μM
after 80 min of irradiation.
Haruyama et al. used UV irradiation (185 and 254 nm) and
an atmospheric-pressure N2 plasma to produce 18 μM NH4+ in
water in 20 min19). Although this concentration was ~1.7-fold
higher than our result (10.4 μM) obtained by irradiation for 20
min, they had used N2 gas instead of air. If we also use N2 gas
instead of air, the NH3 concentration is expected to increase.
However, we prefer to use air as it is.
The following is a possible synthesis process of NH3 and
NH4+ using an atmospheric-pressure plasma. High-energy
electrons (e) in the plasma collide with N2 molecules in air,
which causes N2 to be dissociated into N radicals42, 43).
N2 + e → 2N + e
(1)
In addition, the high-energy electrons (e) in the plasma also
collide with H2O molecules on the surface of the distilled
water, causing H2O to be dissociated into H and OH radicals44,
45)
.
H2O + e → H + OH + e
(2)
The N and H radicals combine on the surface of the distilled
water and generate NH3 in air.
N + 3H → NH3
(3)
Part of this NH3 diffuses into air and the remainder dissolves
in the distilled water.
The H2O in the distilled water is ionized into H ions (H+) and
OH ions (OH-).
H2O → H+ + OH(4)
In the distilled water, NH3 combines with H+ to form NH4+.
NH3 + H + → NH4+
(5)
The dissociation energies of N2 and H2O molecules are 9.1
46)
and 5.1 eV46,47), respectively. If N2 molecules are
dissociated, the electrons in our atmospheric-pressure Ar
plasma jet are considered to have a potential energy of ≥9.1
eV.
Haruyama et al. synthesized NH3 in water by
simultaneously irradiating the water with UV light and an
atmospheric-pressure N2 or air plasma and considered that the
electrons in the plasma had a potential energy of ≥9.1 eV 19).
Their result supports our discussion.
On the other hand, Ar atoms in the metastable state are
considered to also exist in the Ar plasma. The Ar atoms in
the metastable state have an energy of 11.5 eV 48,49). They
might have collided with N2 and H2O to dissociate these
molecules.
Figure 6 shows the dependence of the NH4+ concentration
in the distilled water on the applied voltage when the
irradiation distance was 15 mm and the irradiation duration
was 60 min. With applied voltage of ≥8 kV, the NH4+
concentration increased approximately in proportion to the
applied applied voltage and was 23 µM for an applied voltage
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Fig. 7 Photographs of the plasma jet ejected onto the distilled
water for different applied voltages when the irradiation
distance was 15 mm; (a) 8 kV, (b) 9 kV, and (c) 10 kV.

10

Fig. 6 Dependence of NH4+ concentration on applied voltage
(irradiation distance, 15 mm; irradiation duration, 60 min).
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Fig. 8 Photographs of plasma jet ejected onto distilled water for different irradiation distances when the applied voltage was 10 kV;
(a) 2 mm, (b) 5 mm, (c) 10 mm, (d) 15 mm, (e) 20 mm, (f) 25 mm, (g) 30 mm, and (h) 40 mm.

of 10 kV. This may be because the number of ionized Ar atoms
increased with the applied voltage, which then increased the
number of electrons and thereby the numbers of N and H
radicals, resulting in an increased number of NH3 molecules.
Figure 7 shows photographs of the plasma jet ejected onto
the distilled water for different applied voltages when the
irradiation distance was 15 mm. The streamers reached the
water surface at all applied voltages. There were no
differences in the behavior of the plasma jet when it came in
contact with the water surface.
Figure 8 shows photographs of the plasma jet ejected onto
the distilled water at different irradiation distances when
theapplied voltage was 10 kV. When the irradiation distance
was 2 mm [Fig. 8(a)], the streamer traveled straight from the
quartz tube and reached the water surface. When the

irradiation distance was 5-20 mm [Figs. 8(b)-8(e)], some
streamers were slightly focused and they reached the water
surface. When the irradiation distance was 25-40 mm [Figs.
8(f)-8(h)], the streamers were indistinct and did not appear to
reach the water surface. From these results, we found that
whether the streamers reach the water surface and the state of
the plasma both depend on the plasma irradiation distance.
Figure 9 shows the dependence of the NH4+ concentration
in the distilled water on the plasma irradiation distance. The
NH4+ concentration was 12 µM for an irradiation distance of
2 mm, increased with irradiation distance to reach a maximum
of 22 µM for 10 mm, and then decreased for 15-20 mm. The
NH4+ concentration remained almost unchanged for 25-40 mm.
These results indicate that the NH 4 + concentration in the
distilled water depends on the plasma irradiation distance and
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Fig. 9 Dependence of the NH4+ concentration in the distilled
water on the plasma irradiation distance (applied voltage, 10
kV; irradiation duration, 60 min).

NH4+ were synthesized in distilled water irradiated with an
atmospheric-pressure Ar plasma jet in air at room temperature.
This is a result of N radicals dissociating from N2 in air and H
atoms dissociating from H2O on the surface of the distilled
water combining to become NH3, which dissolved in the
distilled water and combined with H+ in the water. The NH4+
concentration in the distilled water increased approximately
proportionally to the plasma irradiation duration and applied
voltage. In our experiment, the maximum NH4+ concentration
of 43.2 µM was obtained when the applied voltage was 10 kV,
the Ar gas flow rate was 10 L/min, the plasma irradiation
distance was 10 mm, and the plasma irradiation duration was
80 min. The power consumption during plasma irradiation
was ~20 W.
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Fig. 10 Dependence of temperature of distilled water,
determined by thermography, during plasma irradiation on
plasma irradiation duration (applied voltage, 10 kV;
irradiation distance, 15 mm).

reaches a maximum at an irradiation distance of 10 mm. The
reason for this is considered to be as follows. Because the field
of NH3 synthesis expressed by Eq. (3) is in the vicinity of the
water surface, the number of generated H radicals increases
with decreasing plasma irradiation distance, resulting in an
increased NH4+ concentration. However, the distance over
which the plasma reacts with air is short when the plasma
irradiation distance is excessively short. As a result, the
amount of generated N radicals decreases and the NH4+
concentration also decreases. For an irradiation distance of 20
mm [Fig. 8(e)], the streamer reached the water surface.
However, the NH4+ concentration for 20 mm was equivalent
to those for other irradiation distances [Figs. 8(f)-8(i)] in
which the streamers did not appear to reach the water surface.
The reason for this remains unclear.
Figure 10 shows the dependence of the temperature of the
distilled water, which was determined by thermography,
during plasma irradiation on the plasma irradiation duration.
The temperature of the distilled water was 22.9 oC at the start
of plasma irradiation and was 24.9 oC after irradiation for 80
min. This result indicates that the temperature of the distilled
water increased by ~1.5 oC owing to the initial plasma
irradiation but remained almost unchanged at around room
temperature during irradiation.
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Abstract
To improve the dynamic performance of small hybrid racing vehicles which use an electric motor and internal
combustion engine, we propose a hybrid system to synchronize these torques with a simple configuration. The
proposed hybrid system is suitable for a small race car: it is lightweight and can be arranged in various layouts with
a simple structure using chains and sprockets. To investigate the control system for the hybrid system, it is necessary
to analyze the dynamic performance of a vehicle in which the proposed system is installed. Therefore, we
constructed a dynamic simulation when the vehicle was driven on a circuit. This paper investigates the motor gear
ratio and final gear ratio for optimizing the vehicle performance of the hybrid system in a small race car using lap
time simulation. The analysis results show that not only can the optimum setting be obtained by changing the final
reduction ratio and the reduction ratio of the motor in the circuit, but also that the optimum value varies with
different speed ranges in different circuits.
Keywords: Hybrid vehicles, Torque synthesizer, Small race car, Vehicle dynamics, Lap time simulation

1. Introduction
To examine the performance of a vehicle, three aspects of
performance are evaluated: acceleration, turning, and braking.
In recent years, race car, which pursue vehicle performance to
the extreme, have begun to use hybrid systems consisting of
an internal combustion engine and an electric motor as a power
source. Hybrid vehicles, which are powered by two systems,
an internal combustion engine and a motor, use the
characteristics of the motor to compensate for the lack of
torque in the low-speed range of gasoline-powered vehicles,
and can be expected to deliver high torque and high
acceleration over a wide speed range. Taking advantage of
these advantages, recent general vehicles equipped with
hybrid systems on the market aim to reduce fuel consumption
by downsizing the internal combustion engine. Research on
hybrid systems for energy management and comfortable
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driving with a primary focus on improving fuel economy has
been actively conducted1,2). In race cars, on the other hand, the
most important objective is to win the competition. To achieve
this objective, it is of utmost importance to improve the
dynamic performance of the powertrain, which consists of the
engine and electric motor, and to minimize the lap time. In
order to drive faster on a defined circuit, the acceleration
performance must be improved, especially to reach the
maximum speed in a short time. In previous studies, battery
optimal control methods for hybrid systems and comparison
of acceleration performance for different layouts of two power
systems have been reported to minimize lap time3,4), but there
have not been enough studies to examine more active use of
hybrid systems for driving performance. In addition, these
studies have been performed on hybrid systems such as
conventional series, parallel, power-split, and series-parallel
hybrid powertrains5). These systems use gears or planetary
gears to combine the power of the engine and electric motor6),
but have drawbacks such as heavy systems and limited parts
layout. Therefore, the authors have proposed a hybrid system
suitable for small race car, which is lightweight and can be
arranged in various layouts with a simple structure using
chains and sprockets, and have studied the improvement of
dynamic performance of vehicles by hybrid systems7). Lap
time simulation is used to predict vehicle performance in a
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given circuit. This is a tool that converts various elements of
a vehicle into lap times. There are many types of simulation
methods, ranging from simple steady-state simulations to
multi-body simulations involving complex transient
phenomena8-11). Previous studies have reported the usefulness
of quasi-steady-state simulations in terms of computational
load and time prediction accuracy12,13). The nonlinear tire
model14) and the four-wheels model15) that considers load
transfer have also been applied to the tire characteristics.
However, these studies were conducted on vehicles powered
only by engines, and there is no sufficient study of the effect
of the output characteristics of the hybrid system proposed by
the authors on the reduction of running time in a circuit
consisting of multiple straight lines and corners with
varithesizingous curvatures. Therefore, we used a quasisteady-state method with a small computational load and high
prediction accuracy to calculate the lap time in a given circuit,
and studied the dynamic performance of the hybrid system. In
this report, the effects of changing the motor gear ratio and
final gear ratio of a rear-wheel-drive parallel hybrid system on
driving performance were investigated using a simple vehicle
model that does not consider nonlinear tire models or load
transfer as a basic study and a calculation method for quasisteady-state lap time simulation.
The novelty of this paper is the establishment of a
simulation of the dynamic performance of a vehicle with
motor assist for the torque of the engine shifted by the
transmission. In many competition vehicles equipped with
such hybrid systems, a motorcycle engine with a transmission
built into the engine case is used. Few reports have been
published on hybrid systems in which an electric motor assists
the torque already reduced by the transmission at the engine
output shaft. This paper describes a lap performance
simulation of such a hybrid system and the calculation of
optimal parameters for a given circuit as an actual situation.
2. Hybrid Systems for Small Race Car
As the subject of the hybrid system to be installed in the
small race car, we referred to Formula Hybrid, the hybrid
division of Formula SAE, which is developed worldwide as an
educational program for students who want to become
automotive engineers, and used the regulations of this
competition.

(a) Acceleration

(b) Deceleration
Fig. 2 Proposal of a device for synthesizing traction force
generated by internal combustion engine and electric motor.
2.1 Structure of the hybrid system
The hybrid system is equipped with a torque synthesizer
instead of the planetary gear transmission used in many
passenger cars. Figure 1 show 3D model of the proposed
hybrid system.
The planetary gear type has many layout restrictions and
is difficult to maintain, whereas the torque synthesizer has the
advantage of easy maintenance, fewer design requirements on
the chassis side, and the ability to use a chain, making it easy
to layout. This makes it suitable for hybridization of
motorcycle engines.

Fig. 3 Internal combustion engine YAMAHA G363E.

Fig. 1 3D model of the hybrid system.
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Table 1 Specifications of the engine.

Table 2 Specifications of the motor.

Fig. 4 Relationship between engine rotational speed and
torque.
Figure 2 shows schematic diagram of proposed hybrid
system. As shown in Fig. 2(a), in the proposed hybrid system,
during acceleration, the shaft torque generated by the engine
is shifted through the transmission, decelerated and
transmitted from the engine sprocket to the drive shaft side
sprocket by a chain, and then transmitted to the axle shaft
through the one-way clutch and final gear. The shaft torque
generated by the motor is decelerated and transmitted to the
drive shaft side sprocket by a chain, and then transmitted to
the axle by the final gear. The drive torque generated around
the tire is the sum of the above two torques transmitted to the
axle shafts
On the other hand, during deceleration, as shown in Fig.
2(b), there is no drive power from the engine and the motor
drive power is not transmitted to the engine via the one-way
clutch, and the engine sprocket on the drive shaft side idles. In

Fig. 6 Relationship between motor rotational speed and torque.
addition, the braking force on the tire contact patch generates
torque on the axle shaft in the opposite direction of
acceleration, which is transmitted to the motor shaft by the
final gear and sprockets. These torques can generate power to
the motor and regenerate energy.
2.2 Two power sources in a hybrid system
The internal combustion engine in the hybrid system is
the G363E used in the YAMAHA WR250R shown in Fig. 3.
Table 1 shows the specifications of the engine, and Fig. 4
shows the two-dimensional data of relationship between
rotational speed and torque.
The electric motor in the hybrid system is specified to
have a maximum output of less than 30 kW and uses the aircooled Motenergy ME0913 brushless motor shown in Fig. 5.
Table 2 shows the specifications of the motor, and Fig. 6 shows
the relationship between rotational speed and torque.
The torque relative to the rotational speed of these two
power sources is synthesized using the values of the respective
gear ratios in the engine, the engine and motor gear ratios up
to the drive shaft, and the final gear ratio from the drive shaft
to the axle shafts.
3. Calcuration Method of Quasi-Steady-State Lap Time
Simulation

Fig. 5 Electric motor Moterenergy ME0913.

In this simulation, the vehicle is always assumed to be in
equilibrium and yaw motion is ignored. The velocity in each
section is determined as the maximum velocity that can be
achieved when driving within the range of a three-dimensional
map consisting of lateral acceleration, longitudinal
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acceleration, and speed, called the GGV vehicle performance
envelope, which is pre-calculated from the vehicle model.
Figure 7 shows a schematic of the GGV vehicle performance
envelope. It can be read that the performance of longitudinal
acceleration and lateral acceleration increases or decreases
depending on the size of the velocity. In general, changes in
velocity affect the vehicle's friction ellipse due to
aerodynamics and engine speed. Lap time is calculated by
discretizing the times for each segment and summing the times
for all segments.
3.1 Simplified vehicle model
The lateral and longitudinal forces Fx, y at the tire contact
patch are calculated from the simplified linear tire model
shown in eq. (1) by multiplying the vertical load Fz by the
friction coefficients in the lateral and longitudinal directions
μx, y.
The vertical load is the weight produced by the vehicle
mass m and the acceleration of gravity g and the aerodynamic
function downforce L, which is calculated by eq. (2). The
downforce is then calculated in eq. (3) and is found to be a
function of speed v.

!!,# = !$ ∙ $!,#

(1)

!$ = %& + (
( = 0.5 ∙ ,% -./

The lower of the tire longitudinal force and the
powertrain-derived driving force obtained in eqs. (1) and (5)
is used as the longitudinal force at the vehicle center of gravity.
This is because the longitudinal force at the tire contact patch
is highly dependent on the slip ratio, which is the ratio of the
vehicle speed to the rotational speed of the tire, and the drive
torque generates the tire rotational speed, which varies only
slightly, around 0 - 0.2, hence the approximation in eq. (6) is
used. Longitudinal forces at the vehicle center of gravity can
be calculated by allowing the drag force D of the aerodynamic
function to be taken into account. Drag force is a function of
speed, as is downforce in eq. (3), and can be calculated in eq.
(7) using the drag coefficient CL.
(6)

4 = 0.5 ∙ ,- -./ &

(7)

With the calculations up to this point, it is possible to
calculate the maximum lateral and longitudinal forces for each
velocity. In order to calculate the combined state in which
these longitudinal and lateral forces occur simultaneously in
the quasi-steady-state, the friction ellipse assumption in eq.
(8) is made to simplify the problem.

(2)
&

1 ≈ !! ∙ 3+

2

5!!,# ∙ #$ 6 = #2! + #2#

(8)

(3)

Fig. 8 Illustration of quasi-steady-state simulation.

Fig. 7 Schematic of the GGV vehicle performance envelope.
The tractive force Ft derived from the hybrid powertrain
system is calculated from the vehicle speed v, each gear ratio
gr, and tire radius rt using eq. (4) to calculate the engine speed
and motor speed ω, respectively, and the shaft torque T of the
two systems from these rotational speeds are added together
and calculated by eq. (5) using the tire radius.
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3.2 Calculation method for lap time in quasi-steady-state
Quasi-steady-state lap time simulation in this research is
calculated from pre-discretized circuit data of radius of
curvature and distance. These can be obtained from GPS and
data logging systems installed in the actual vehicles.
First, a critical speed profile is created in eq. (9) using the
corner radius R and the maximum lateral acceleration ay
calculated from the vehicle model. At this time, the velocity
within each section is not within the GGV vehicle performance
envelope when longitudinal acceleration occurs due to the
maximum lateral acceleration. To solve this problem, the
critical speed profile is used to calculate the longitudinal
acceleration ax of the velocity v within the adjacent section
distance dx from the beginning and end of the circuit using eq.
(10), and the acceleration and deceleration velocities are
calculated by decreasing the velocity until it falls within the
GGV vehicle performance envelope. An illustration of the
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calculation of acceleration side velocity and deceleration side
velocity within an adjacent section is shown in Fig. 8.

7# = 8̈ =

'"
.

4.1 Simulation Calculation Conditions
In order to evaluate the vehicle performance of the
proposed small race car, the power supply voltage of the
electric motor is 77 V, based on the Table 2. A reduction

(9)
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4. Final Gear Ratio and Motor Reduction Gear Ratio
Study Using Lap Time Simulation

2'
2+

From these calculations, the intersection of the two
velocities, the acceleration side velocity and the deceleration
side velocity with respect to distance, is calculated as the
braking start point, and the limit performance of the vehicle in
the quasi-steady-state can be predicted.
The computation run time is very fast; a single lap
simulation takes less than 30 seconds. This makes it possible
to analyze the sensitivity of the lap times when various
parameters are changed.

gearbox was added to the motor, the engine and motor speeds
were individualised, a program was created to allow the torque
and speed of the motor to be varied, and the reduction ratio of
the motor and final gear ratio were changed for lap time
simulations.
The primary reduction ratio of the engine was set to 3.12,
and no lower than 3500 rpm was used in this study because the
engine would stop at low engine speeds when starting the
vehicle. Therefore, the initial speed at start-up was set in first
gear and at an engine speed of 3500 rpm. The engine speed is
shifted up when the engine speed reaches 10000 rpm, and the
value at 6th gear and 10000 rpm is held constant in the
simulation after 6th gear and 10000 rpm. The engine and

Fig. 10 Relationship between distance and vehicle velocity
for each final gear ratio.

Fig. 9 Schematic of evaluation 900-meter circuit.
Table 3 Vehicle basic parameters.

Fig. 11 Relationship between distance and vehicle velocity
for each electric motor reduction gear ratio.
motor shaft torques were modeled by polynomial
approximation using the two-dimensional data in Fig. 4 and 6.
For the other basic parameters, the simplified vehicle model
in Table 3 was used. The evaluation circuit was a 900 m closed
circuit with a series of left and right turns, as shown in Fig. 9.
These are the circuits used for Endurance Event in Formula
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SAE Japan16) which is based on FORMULA SAE Rules
202217) defined by Society of Automotive Engineers
International, a project similar to the vehicle proposed in this
study.
4.2 Analysis Result
Simulations were carried out on the small hybrid race car
with varying final and motor reduction gear ratios. We aimed
to minimize the lap time in order to validate the effective
vehicle state for the purpose of predicting the scale of the
vehicle state to be achieved on the course in order to construct
a multi-input, multi-output control algorithm to be installed in
the proposed vehicle. The objective is to minimise lap times
and the role of the powertrain is to achieve the maximum
possible acceleration in each velocity range. There is a tradeoff between lowering the final gear ratio, which reduces the

lower speeds due to the characteristics of the motor. The
analyzed relationship between distance and velocity for each
reduction ratio of the motor is shown in Fig. 11. The speed
range where the characteristics of the motor can be utilised is
the high velocity range, and the difference between each gear
ratio appears at the point where the highest velocity is reached
in one lap. Extremely large motor gear ratios exceed the limits
of the longitudinal force of the tyres, and the advantages of the
hybrid system disappear.
The relationship between final gear ratio and obtained lap
time is shown in Fig. 12, and the relationship between motor
reduction gear ratio and running time is shown in Fig. 13. The
simulations on this evaluation circuit produced the fastest
results when the final gear ratio was 14 and the motor
reduction gear ratio was 2.
5. Conclusion

Fig. 12 Relationship between final gear ratio and lap time.

Fig. 13 Relationship between electric motor reduction gear
ratio and lap time.

This paper presents a fundamental study of the motor gear
ratio and final gear ratio for optimizing the vehicle
performance of the proposed hybrid system in a small race car,
using a simulation-based approach. Specifically, as a first step
to predict the scale of the vehicle state to be achieved on the
course, such as the speed of the vehicle to construct a multiinput multi-output control algorithm for the proposed racing
car, we found the optimal solution of the drive gear ratio for
the racing car to predict the effective vehicle state for the
competition.
Within the report, the superiority of the hybrid system
using the torque synthesizer mechanism was asserted in
comparison with the planetary gear mechanism, and the
modeling method along this mechanism was briefly presented.
And, the theory and utility of quasi-steady state lap time
simulation, which models the vehicle and predicts its
performance in a simplified manner, as a powerful tool to help
optimize powertrain systems, is presented. By extending the
model, more practical simulations can be expected, and
parameter sensitivity analysis can be performed outside of this
research.
In the future, based on the analysis results, we will
proceed with the development and design of the actual vehicle,
as well as simulation of closed-loop circuit driving. We will
also develop a vehicle dynamics simulation tool that includes
more detailed nonlinear elements in order to predict complex
vehicle motion phenomena that occur when the vehicle is
actually driven and to build control algorithms.

acceleration that can be generated due to the reduction in axle
torque, and raising it too high, which reduces the maximum
speed due to power unit speed limitations, and the tyres
reaching their slip limit, resulting in excess powertrain
dynamic performance. Figure 10 shows analyzed results in
1)
final gear ratio 1, 14, 30. This figure shows that when the final
gear ratio is 1, the overall slope of speed is low, and when the
final gear ratio is 30, the speed has hit its head. In addition,
the slope of the speed is always the same when comparing final
2)
gear ratios 14 and 30, indicating that an excessive gear ratio
exceeds the limit of the longitudinal force of the tyres,
resulting in a wasteful use of powertrain dynamic performance.
The reduction ratio of the motor has a smaller range of
gear ratio settings, as the motor can generate more torque at
― 28 ―
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Abstract
In the flow field of a rotating detonation engine (RDE), the detonation wave propagates through the reaction
with the continuously injected fuel and oxidant mixture. In previous research using an actual RDE, due to
insufficient mixing, combustion chamber shape, centrifugal force, etc., the detonation wave velocity generated
in the RDE was usually significantly lower than the characteristic Chapman-Jouguet(C-J) velocity for the
corresponding mixture. In this paper, to clarify the effect of detonation propagation by incomplete fuel mixing
in the RDE, a linear detonation channel that simulates the RDE flow field was constructed and a numerical
analysis of the propagation of detonation wave plunging entry of a combustible premixed jet train composed of
ethylene(C 2 H 4 ) and oxygen(O 2 ) was carried out. The numerical analysis results show that when the fuel is fully
mixed with the oxidant and ignited with high energy, as the mass flow rate increases, the detonation velocity
increases and approaches 92% of the C-J velocity. Compared with the 70% C-J velocity of an RDE with nonpremixed fuel, the improvement is significant.
Keywords: Detonation propagation, Rotating detonation engine, Turbulent-combustion, Numerical analysis

the thrust to reach the expected value, RDE has not been practical
yet.

1. Introduction
In recent years, detonation engines have been favored by
researchers because of their simple structure and high efficiency.
Among them, the Rotating detonation engine (RDE) has the
potential to completely replace the existing technology of
traditional aerospace engines. In the future, it may become the
main engine application in aviation, aerospace and other fields. At
present, Russia, Poland, China, the United States, and other
countries have carried out many RDE-related research and have
made great progress. In Japan, The Japan Aerospace Exploration
Agency (JAXA) also has great interest in Rotating Detonation
Engine (RDE) and has begun basic research. Currently, RDE has
been successfully run at JAXA Kakuda Space Center1).
Although there are many research results on RDE in various
countries, propagation of the detonation wave inside the RDE has
not been clearly revealed through experiments, because the
propagation of the rotating detonation wave is affected by the
injection pressure, the curvature of the combustion channel and
the fuel-oxidant mixture ratio1-4). Usually, RDE uses a nonpremixed fuel injection method for safety, that results in
insufficient fuel mixing. The detonation velocity generated in the
RDE is usually Significantly lower than the characteristic
Chapman-Jouguet velocity of the corresponding mixture, Cause
*1 Graduate Student, Course of Science and Technology
*2 Professor, Department of Aeronautics and Astronautics
*3 Japan Aerospace Exploration Agency

Fig. 1 Rotating Detonation Engine.
The objective of this study is to examine the reduction in the
propagation velocity of detonation waves caused by partially
mixed fuel. The method is to expand the annular combustion
chamber of the RDE into a linear combustion chamber to
eliminate the influence of shape and centrifugal force on the
propagation of detonation, so that can investigate the influence
of fuel on the propagation of detonation waves in detail. To
clarify the influence of incomplete fuel mixing on the propagation
of detonation, it is first necessary to master the propagation mode
of detonation wave in the completely mixed fuel. a high precision
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LES of propagation of detonation wave plunging entry the
combustible premixed jet train was performed by using a
supercomputer system.
2. Linear Detonation Channel
The linear detonation channel facility is shown in Fig. 2. It’s
unfolded a curved RDE combustion chamber into a linear shape.
The fuel and oxidant enter the tube through a small hole at the
bottom with a controllable flow rate, and it’s possible to change
its ignition mode by changing some parts. Both sides are
equipped with quartz windows for optical visualization.
The advantage of the linear detonation channel is that the
propagation of the detonation wave inside the channel is not
affected by the shape and centrifugal force, and the observation
windows on both sides of the passage can perform more clearer
optical visualization.

Fig. 2 Linear detonation channel.
As the injection condition of the envisioned experiment, a
detonation tube filled with premixed ethylene oxygen having the
same equivalent ratio as the experimental conditions is installed
on the upstream side of the linear detonation channel.
Detonation is generated by ignition, and the generated
detonation wave enters the linear detonation channel.
3. Numerical Method
3.1 Numerical analysis code
In numerical analysis, we used JAXA’s in-house code
CHARIOT (Cost-effective High-order Accurate Reconstructionscheme Intensively Optimized for Turbulent-combustion) that is
designed for DNS/LES of turbulent combustion in aerospace
propulsion systems5). The governing equations of the flow used
for the present LES analysis is compressible Navier-Stokes
equation.
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LES analysis in this study is performed by implicit LE
S, in which all SGS terms are set to zero. For the detaile
d reaction model of ethylene combustion, 31 species 126
reactions model is used. In addition, operator-splitting met
hod, and a Quasi-Steady-State approximation (QSS) are ap
plied to reduce the stiffness associated with fast chemical
reactions. The CHEMKIN database is used to calculate the
thermodynamic and transport properties.
The governing equations are discretized by the finite vo
lume method. The convective flux is calculated by SLAU
2 scheme, and the viscous flux is obtained by the central
difference method. High order spatial accuracy is realized
by interpolating primitive variables (ρ, u, v, w, p, Ys) at
the cell interface. For the scalar variables (ρ, p, Ys), the
second-order MUSCL (Monotone Upwind Scheme for Con
servation Laws) method is used, and the velocity compone
nts (u, v, w) are interpolated with a fifth order polynomia
l. In addition, to reduce the numerical dissipation in low
velocity flow, the correction method by Thornber et al. 6)
is applied to interpolated velocity components. For the tim
e integration method, the three-stage Runge-Kutta method
is employed.
Computation was carried out on the JAXA Supercomput
er System (JSS3) installed at the Aeronautical Technology
Directorate (ATD) of JAXA. Parallel computation was im
plemented by domain decomposition, with the Message Pa
ssing Interface (MPI) library used for inter-processor com
munication.
3.2 Numerical analysis model & injection coditions
The above device has two ignition modes by changing the
components. Mode 1 is to insert a metal plate to make a long and
narrow flow path to simulate actual RDE ignition, and Mode 2
is to directly ignite by connecting other detonation tubes. The
two modes of the device and the corresponding calculation
models are shown in Fig. 3. In the calculation model, the mark
on the left is the ignition position, the black line is the solid wall,
the red line is inflow boundary same as the fuel injection method
of the device, and the yellow line is the outflow boundary. In the
previous research of code validation, at a grid accuracy of 50 μm,
the detonation propagation speeds duplicated the ChapmanJouguet (CJ) velocity VCJ well with very small errors less than
several percent, and the error between the detonation pressure
history of the numerical analysis results and the experimental
value is within 10%7)8). If the grid accuracy is increased, the
triple point and cell structure will be clearer, but in the analysis
of detonation engine, the influence of the cell is hardly so much
on the propulsion performance9). In this study, the detonation
velocity is the main object of analysis, so it is appropriate that
Proceedings of the School of Engineering
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the grid accuracy of this calculation is also set to 50 μm. The
injection conditions for numerical analysis are shown in Table 1.

mass flow rate is different, the volume and height of the injected
fuel are completely different (as shown in Fig. 5), so that when
the detonation ignites the fuel, it consumes more energy and
causes the speed to decrease.
In order to verify this idea, a more powerful ignition
configuration was used. The initial detonation pressure of
ignition is increased to 1.5 atm. The result is shown in Fig. 6
under the same condition of İ = 90 g/s. The detonation velocity
is significantly increased and reached 90% of the C-J velocity.
Table 2 Detonation velocity results of mode 1.

(a) Mode 1

(a) Pressure distribution of İ = 30 g/s

(b) Mode 2
Fig. 3 Device mode with Numerical analysis model.
Table 1 Injection conditions.

(b) Pressure distribution of İ = 60 g/s

4. Results and discussions
4.1 Numerical analysis results of mode 1
The numerical analysis results of Mode 1 are shown in Table
2 and Fig. 4. The detonation was successfully generated and
spread. However, the difference from the expectation is that as
the mass flow rate increases, the detonation velocity does not
increase but decreases. The reason for this result is that when the
Vol. XLVII, 2022

(c) Pressure distribution of İ = 90 g/s
Fig. 4 Numerical analysis results of mode 1.
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Fig. 5 Fuel injection height comparison at the same time.

(b) Pressure distribution of İ = 60 g/s

Fig. 6 Pressure distribution of İ = 90 g/s of ignition pressure
150 kPa.
4. Numerical analysis results of mode 2
The numerical analysis results of Mode 2 are shown in Table
3 and Fig. 7. The detonation was successfully generated and
propagated. With the increase of the mass flow rate, the
detonation velocity gradually increased and reached about 92%
of the theoretical value of C-J condition, which is a significant
improvement compared with the non-premixed fuel which is
usually lower than the theoretical value of 30%11,12).

(c) Pressure distribution of İ = 90 g/s
Fig. 7 Numerical analysis results of mode 2.

5. Conclusions
Through the numerical analysis of the propagation of
detonation wave plunging entry the combustible premixed jet
train:
The ignition of the fuel in the combustion chamber and the
formation of detonation propagation has a very high dependence
on the ignition source energy. When the ignition energy is
insufficient, the detonation did not occur or need a longer path to
reach the expected value.
With the mass flow rate increases, the detonation velocity can
gradually approach the C-J velocity, and reach more than 90% of
the theoretical value. Compared with the traditional RDE using
non-premixed fuel injection, where the detonation velocity is only
about 70% of the theoretical value, the improvement is obvious.
This shows that when the fuel is completely mixed, the
propagation speed of detonation is greatly improved. If the
existing RDE fuel injection method can be improved to make the
fuel mixing more fully, the performance of the RDE can also be
improved.

Table 3 Detonation velocity results of mode 2.
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