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 Space exploration and satellite deployment drive modern 

technological advancements. They are crucial for global 

communication, navigation, and scientific discovery. Satellites form 

the backbone of interstellar communication, ensuring reliable data 

transfer in both civilian and defense sectors. However, as space 

missions grow more complex, maintaining their integrity and 

security becomes a major challenge. Unmanned aerial vehicles 

(UAVs) play a key role in space missions. They assist in satellite 

deployment, orbital inspections, and inter-satellite communication. 

Yet, these cyber-physical systems face evolving cybersecurity threats 

that could jeopardize mission-critical tasks. Traditional intrusion 

detection systems struggle to counter the complex and dynamic cyber 

threats targeting UAVs in harsh space environments. This paper 

introduces a novel Deep Reinforcement Learning model to predict 

and mitigate cyber risks in space-related UAV missions. Using a 

publicly available dataset that combines cyber and physical UAV 

data, the model predicts multi-step threats such as Denial of Service, 

Replay, Evil Twin, and False Data Injection. This enables proactive 

threat mitigation. Compared to traditional machine learning 

models—Support Vector Machines, Random Forests, and Recurrent 

Neural Networks—the proposed model achieves superior 

performance, with 99.34% accuracy and an AUC score of 0.99. 
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1. Nomenclature & Units 

DRL Deep Reinforcement Learning 

FDI False Data Injection 

DoS Denial Of Service 

IDS Intrusion Detection System 

UAV Unmanned Aerial Vehicle 

FDI False Data Injection 

AUC Area Under Curve 

SHAP Shapley Additive Explanation 

APT Advanced Persistent Threat 

SVM Support Vector Machine 

RNN Recurrent Neural Network  

RF Random Forest 

H-LSTM Hierarchical Attention-Based Long-

Short Term Memory  

ConvLSTM Convolutional LSTM 

CNN-LSTM Convolutional Neural Networks- Long 

Short Term Memory 

WRELM Weighted Regularized Extreme 

Learning Machine  

QIWO Quantum Invasive Weed 

Optimization  

DQN Deep Q-Network 

WLAN Wireless Local Area Network 

UDP User Datagram Protocol 

MDP Markov Decision Process 

FIA Feature Importance Analysis 

2. INTRODUCTION 

Space has always been of strategic importance, 

encompassing satellite deployment, planetary 

exploration, and interstellar communication. 

Satellites play a vital role in global connectivity, 

navigation, weather forecasting, and defense [1]. As 

nations and private enterprises expand space 

ventures, mission success becomes paramount. 

However, the harsh and dynamic space 

environment poses unique challenges, demanding 

advanced technologies for seamless and adaptive 

operations [2]. 

UAVs are key enablers of space missions. They 

support satellite deployment, facilitate real-time 

communication, and inspect or maintain orbiting 

structures. Unlike ground-based systems, UAVs 

offer agility, precision, and autonomy to navigate 

complex space environments. Their ability to 

operate autonomously in zero gravity enhances 

mission efficiency while reducing human 

intervention in high-risk scenarios. However, 

integrating UAVs into space operations introduces 

cybersecurity challenges [3]. 

In space missions, UAVs link satellites and 

ground infrastructure, ensuring uninterrupted 

communication and data flow. Any cyber threat 

could disrupt satellite alignment, interfere with 

telemetry, or even compromise entire missions [4]. 

UAVs, as complex cyber-physical systems, require 

robust security solutions addressing both cyber and 

physical vulnerabilities. As cyber threats grow, 

securing UAVs becomes essential for their safe and 

effective use in critical applications [5]. 

Cybersecurity threats targeting UAVs are 

becoming increasingly complex. Multi-step attacks 

such as DoS, Replay, Evil Twin, and FDI can lead 

to loss of control, data integrity breaches, and even 

mission failure [6]. While IDSs exist to counter 

these threats, many are limited in effectiveness. 

Most IDSs rely on small datasets and struggle to 

generalize across different threat types [7]. The lack 

of publicly available cyber-physical UAV data 

further hinders the development of robust IDS 

solutions. These challenges highlight the need for 

advanced models that not only detect threats but 

also predict their evolution [8]. 

This paper introduces a predictive model 

designed to forecast the next step in multi-step cyber 

threats on UAVs. Unlike traditional IDSs that merely 

detect threats, our model anticipates how an attack 

may progress—such as a DoS attack escalating to 

replay or FDI. To achieve this, we utilize DRL, which 

enables learning from sequential threat data to predict 

future attack steps. The model is trained and tested on 

a newly available dataset that captures both cyber and 

physical UAV data under normal and attack 

conditions, offering a comprehensive view of UAV 

security [9]. The key contributions and innovations of 

this research are outlined below. 

• Proactive Threat Mitigation: The DRL-

based model predicts the next step in multi-

step cyber threats on UAVs, allowing for 
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proactive defense measures rather than 

reactive responses. 

• Feature Importance Analysis: The model 

incorporates FIA to identify and utilize critical 

features - such as time_since_last_packet and 

wlan.duration -improving prediction accuracy 

and minimizing noise. 

• Evaluation against Leading Models: The 

proposed model is rigorously evaluated 

against baseline models, including SVM, 

RF, and RNN, demonstrating superior 

performance across all metrics. 

• Real-Time Threat Prediction: By leveraging 

DRL, the model learns threat patterns in 

real-time, enabling it to adapt to evolving 

threats as they emerge. 

• Comprehensive Performance Evaluation: 

The model's effectiveness is measured using 

accuracy, precision, recall, F1-score, and 

AUC, making it highly suitable for 

deployment in real-world UAV applications. 

The paper is structured as follows: 

Section 2 reviews current methods for UAV 

cybersecurity, including traditional IDS techniques 

and recent advancements in machine learning 

approaches. Section 3 details the architecture of the 

proposed DRL-based prediction model, including the 

hyperparameters tuning process and the role of feature 

importance in enhancing performance. Section 4 

presents the evaluation results of the proposed model, 

comparing its performance with baseline models and 

providing a detailed analysis of the metrics. Section 5 

discusses the FIA, highlighting the significance of key 

features in improving the model’s predictions. 

Sections 6 and 7 conclude the paper with a discussion 

and summary of the findings. 

3. RELATED WORKS 

The use of unmanned aerial vehicles (UAVs) is 

expanding into space exploration, satellite 

deployment, and communication, where reliability 

is crucial for mission success. Operating in dynamic 

and complex environments, UAVs have become 

essential for autonomous space missions. However, 

their increasing deployment brings significant 

cybersecurity risks, making robust security 

measures vital. Among the most common threats 

are DoS, Replay, Evil Twin, and FDI, which can 

compromise UAV operations in military, 

surveillance, and emergency response scenarios 

[9,10]. 

Sarıkaya and Bahtiyar in [11] reviewed UAV 

security challenges and explore DRL as a solution. 

They highlight how DRL-based approaches 

enhance UAV resilience against cyber and physical 

threats. Recent research has also advanced UAV 

cybersecurity. Niyonsaba et al. in [12] developed 

deep learning-based IDSs, including CNN, LSTM, 

and hybrid CNN-LSTM models. Their approach, 

evaluated on the CICIDS2017 dataset, showed that 

the hybrid model achieved 99.063% accuracy, 

outperforming traditional machine learning 

methods. 

Javeed et al. in [13] introduced an IDS using H-

LSTM networks. This model improves UAV 

monitoring by focusing on critical features and 

incorporating SHAP for interpretability. Tested on 

the N-BaIoT dataset, the H-LSTM model achieved 

high detection accuracy with fewer false positives. 

Alzahrani in [14] proposed a ConvLSTM model to 

secure IoT-enabled small drones. Using datasets 

like KDD Cup-99, NSL-KDD, and CICIDS2017, 

the ConvLSTM model demonstrated 99.99% 

accuracy in intrusion detection. 

Dehghan and Khosravian in [15] introduced a 

federated learning approach with homomorphic 

encryption to enhance UAV IDSs, ensuring data 

privacy. Rizwanullah et al. in [16] developed 

MMLCS-UAVs, a metaheuristic-based approach 

combining QIWO for feature selection and 

WRELM for intrusion detection. 

Despite these advancements, most IDSs focus 

on detecting anomalies in network traffic but 

struggle to predict multi-step threats [17]. This gap 

highlights the need for predictive models that 

anticipate cyber threats before they escalate. This 

paper proposes a DRL-based model to forecast the 

next steps in multi-phase attacks. 

DRL enables systems to learn optimal 

responses by interacting with their environment, 

making it effective in robotics, gaming, and 

cybersecurity [18]. One notable application, 

ProAPT [19], uses DRL to predict the progression 

of APTs. Similarly, applying DRL to UAV 

cybersecurity allows for forecasting cyber threats 

and taking preventive actions before escalation. 

While research on DRL for UAV security is still 

emerging, its potential for improving threat 

detection and prediction is significant. 
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Fig. 1. Deep reinforcement learning for UAVs in space-

related missions [11]. 

4. PROPOSED MODEL 

The proposed model for predicting cyber-threat 

progression in UAV systems is inspired by the 

ProAPT model, which uses DRL to track the 

evolution of APTs. This approach is effective for 

threat prediction as it learns from both the current 

system state and past attack sequences. By 

leveraging a reinforcement learning framework, the 

model anticipates the next threat in an ongoing 

attack, enabling UAVs to take proactive 

countermeasures before escalation. 

The model predicts the next threat type based 

on the current attack and system state, focusing on 

four key threats: DoS, Replay, Evil Twin and FDI. 

It is trained on a publicly available dataset 

containing UAV operation data under both normal 

and attack conditions. 

Built on a reinforcement learning framework, 

the model follows a state-action-reward paradigm, 

assessing system status and past threats to forecast 

future attacks [20]. The state space includes key 

UAV system features such as: 

• Current Threat: The threat type currently 

being executed on the UAV system. 

Understanding this is vital for determining 

the system’s vulnerabilities and predicting 

subsequent threat types. 

• UAV System Status: The operational state of 

the UAV, including sensor readings, flight 

status, communication health, and control 

system performance. These features help 

evaluate the UAV’s overall health and 

resilience against threats. 

• Historical Threat Data: The record of past 

threats and their effects on the UAV system, 

providing context for predicting future 

threats. 

The dynamic state space updates continuously 

as the UAV system evolves, allowing the model to 

adapt to changing threats and conditions. The 

action space includes four main threat types—

DoS, Replay, FDI, and Evil Twin—representing 

possible next steps in an attack sequence. The 

model predicts which threat is most likely to occur 

next based on the current system state and attack 

history, helping the UAV system anticipate the 

adversary’s next move. 

The reward function is designed to optimize 

threat prediction accuracy. It evaluates the model’s 

predictions against actual threats and assigns rewards 

accordingly. The reward structure is as follows: 

• Positive Reward: The model receives a 

positive reward if the predicted threat 

matches the actual threat in the sequence. 

• Negative Reward: A penalty is applied if the 

model incorrectly predicts the threat, 

reinforcing the need for accurate 

predictions. 

• Intermediate Rewards: For partial correct 

predictions (e.g., correctly identifying the 

threat category but not the exact type), 

smaller rewards are given to encourage 

learning from partial successes. 

This reinforcement learning framework 

improves predictions over time by refining its 

strategy based on feedback. The DRL model is built 

on DQN [21] and consists of the following 

components: 

• Neural Network: The core of the DRL model 

is a neural network that processes input 

states (system status, current threat, etc.) and 
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predicts the next threat. It may include fully 

connected layers or recurrent layers like 

LSTM to capture temporal dependencies in 

attack sequences. 

• Q-Learning / DQN: The model uses DQN to 

learn the optimal action-value function. It 

estimates Q-values, representing expected 

rewards for each action in a given state, and 

aims to maximize these rewards by 

predicting the most probable next threat. 

• Exploration vs. Exploitation: Using an 

epsilon-greedy strategy, the model balances 

exploration (trying new actions) and 

exploitation (choosing the best-known 

actions). This prevents overfitting to specific 

threats and encourages learning across 

diverse attack patterns. 

The model is trained on a dataset containing 

UAV operations under normal and attack 

conditions. The training process includes key steps: 

• Data Preprocessing: The dataset is 

standardized, and missing values are 

handled figure 2. Feature selection reduces 

input dimensionality, ensuring only the most 

relevant variables are used, improving 

efficiency and accuracy. 

 

Fig. 2. Pre-processing steps. 

• Hyperparameter Tuning: Key parameters like 

learning rate, discount factor, and exploration 

rate are optimized using grid search. This 

ensures the best performance by finding the 

ideal combination of these values. 

• Model Training: The model learns through 

reinforcement learning, updating Q-values 

based on feedback from the reward function. 

Over time, it refines its ability to predict 

threats accurately. 

• Testing and Evaluation: After training, the 

model is tested using classification metrics 

such as accuracy, precision, recall, F1-score, 

and AUC. These metrics measure its 

predictive performance and reliability. AUC, 

in particular, assesses the model’s ability to 

differentiate between various threats. 

By using these evaluation methods, we 

determine how effectively the model predicts the 

next cyber-threat, contributing to proactive UAV 

defense strategies. 

5. EXPERIMENTAL SETUP AND 

EVALUATION 

The cyber-physical IDS for UAVs dataset [9] 

serves as the foundation for evaluating our proposed 

model. Based on [9], the dataset used in this study is 

derived from the cyber-physical IDS for UAVs. This 

dataset has been specifically designed to capture 

both cyber and physical features of UAV operations 

under normal and attack scenarios, making it well-

suited for training and testing intrusion detection 

models. 

The dataset contains 38 features that cover 

various operational aspects of UAVs, including 

network traffic patterns, sensor data, and control 

system telemetry. It is divided into 5 distinct classes 

normal operations, DoS, Replay, Evil Twin, and 

FDI attacks. It includes a large number of instances, 

providing a diverse range of attack scenarios across 

different UAV use cases. The total dataset size 

ensures that the model is trained on a variety of 

attack patterns, significantly reducing overfitting 

and improving generalization to new, unseen 

threats. This dataset includes a variety of common 

cyber-physical threats targeting UAVs. It covers 

attacks that exploit both network vulnerabilities and 

physical system weaknesses, such as: 

• Denial of Service (DoS): Preventing the UAV 

from accessing critical services by 

overwhelming its communication network. 

• Replay Attacks: Capturing and retransmitting 

valid communication data to deceive the 

UAV. 

• Evil Twin Attacks: A scenario where an 

attacker masquerades as a legitimate access 

point to intercept UAV communications. 

• False Data Injection (FDI): Injecting 

malicious data into the system to disrupt 

UAV operations, often affecting sensor or 

control data. 
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Each threat is simulated within a controlled 

environment that mimics real-world UAV 

operations, ensuring that the dataset is 

representative of typical use cases in mission-

critical UAV applications. The dataset is designed 

to simulate a wide array of UAV operational 

contexts, ensuring it encompasses various 

scenarios such as normal operations in civilian and 

military settings, emergency and surveillance 

missions where UAVs need to maintain high 

reliability and security, and real-time 

communication relay operations between UAVs 

and ground stations, where maintaining data 

integrity is crucial. These varied scenarios ensure 

that the dataset covers a broad spectrum of 

potential UAV applications, making it suitable for 

training models that need to be generalized to 

different environments. The data has been carefully 

collected from both cyber and physical dimensions, 

including telemetry data, communication logs, and 

sensor readings, to provide a holistic view of UAV 

system behavior under both normal and attack 

conditions. Given its comprehensive coverage of 

threat scenarios, this dataset is highly suitable for 

both training and testing machine learning models 

focused on UAV cybersecurity. The multi-class 

nature of the dataset allows for the evaluation of 

the model’s ability to differentiate between 

multiple types of attacks, as well as its performance 

in real-world UAV scenarios. moreover, the dataset 

includes labeled instances of attacks, ensuring that 

models can be trained in a supervised manner, with 

clear distinctions between malicious and benign 

behavior. This makes it an effective tool for 

developing and testing cyber-physical intrusion 

detection systems that aim to enhance UAV 

security. 

 

 

Fig. 3. Distribution of five classes in the dataset. 

First, we preprocess the dataset following the 

steps in Figure 2. Next, we perform a grid search [22] 

for hyperparameters tuning on a Q-Learning based 

model, using a reduced parameter grid to evaluate 

performance. This involves setting up the Q-Learning 

environment, applying the grid search, and analyzing 

the results for each hyperparameters combination.  

The outcomes are summarized in Table 1 and 

visualized in Figure 3. The table presents the average 

reward and standard deviation for each combination, 

helping to determine optimal values for learning rate, 

discount factor, exploration rate, batch size, and 

target update frequency. The standard deviation 

reflects reward consistency across episodes, where 

lower values indicate greater stability. Figure 4 

further illustrates these results, with each point 

representing a hyperparameters combination and 

error bars showing the standard deviation.  By 

balancing reward and stability, we identify 

hyperparameters settings that achieve both high 

average rewards and low variability, making them 

ideal for model training. 
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Table 1. Q- Learning hyperparameters greed search result. 

params average_reward std_reward 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
247.5137956 21.1359744 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
249.9578762 18.98846078 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
250.0179335 17.71009204 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
248.4489532 21.63080579 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
251.6797308 18.34741134 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
251.2519457 21.36083092 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
246.8532666 17.72686258 

{'batch_size': 32, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
251.9783953 20.82083433 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
247.4348603 20.34282947 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
247.5401704 20.82049582 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
250.7741141 18.97466687 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
249.5405649 21.64458778 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
248.9452282 20.47600339 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
251.4655468 19.992076 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
252.0576918 18.19167563 

{'batch_size': 32, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
250.5580712 20.98148314 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
249.1730499 20.28485974 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
253.0944403 19.66271791 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
250.5274853 17.9560669 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
247.8462585 21.27665195 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
247.7319118 18.96873134 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
248.4106121 19.80201262 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
249.1504777 20.21036297 

{'batch_size': 64, 'discount_factor': 0.9, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
248.8757748 17.10374115 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
254.6294979 19.69385759 
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params average_reward std_reward 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
249.9136594 21.18109694 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
252.7295711 19.40166479 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.1, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
250.1627762 22.85800608 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 100} 
249.8034661 20.1933785 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.1, 

'target_update_frequency': 500} 
251.880191 20.48796075 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 100} 
251.1224726 17.04230555 

{'batch_size': 64, 'discount_factor': 0.99, 'exploration_rate': 0.5, 'learning_rate': 0.5, 

'target_update_frequency': 500} 
253.7873657 19.0126865 

 

Fig. 3. Q- Learning hyperparameters greed search result. 

 

Based on the greed search, we use the 

hyperparameters as follows: 

Table 2. The best hyperparameters. 

Hyperparameter Value 

Learning Rate 0.1 

Discount Rate 0.99 

Exploration Rate 0.1 

Batch Size 64 

Target Update Frequency 500 

A low learning rate ensures stable model 

updates, while a high discount factor prioritizes 

long-term rewards. A low exploration rate 

encourages the model to exploit learned policies, 

whereas a larger batch size and higher update 

frequency help stabilize training.  To evaluate our 

prediction model’s performance, we use key 

metrics outlined by [23]: 

• Accuracy: Measures the proportion of correct 

predictions, indicating overall model 

performance in predicting the next threat 

step. 
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• Precision: Assesses the percentage of 

correctly predicted threats, minimizing false 

positives—critical in cybersecurity. 

• Recall: Measures the proportion of actual threats 

correctly identified, ensuring threats are not 

missed, even at the cost of some false positives. 

• F1-Score: The harmonic mean of precision 

and recall, balancing both metrics, is 

especially useful for imbalanced datasets. 

• Error Rate: This represents the proportion of 

incorrect predictions, where a lower value 

indicates higher reliability. 

• AUC (Area under the Curve): Evaluates the 

model’s ability to distinguish between 

different threat steps, with a higher AUC 

indicating better differentiation. 

These metrics are crucial for assessing how well 

the model predicts multi-step threat sequences. 

Precision and recall are particularly important in 

cybersecurity to reduce false positives while 

ensuring timely threat detection. Table 3 presents 

the model’s performance in predicting the next 

threat step, comparing it with baseline models such 

as SVM, RF, and a basic RNN. 

Table 3. The result of multi-step threat prediction. 

Model 
Accuracy 

(%) 

Precision 

(%) 

Recall 

(%) 

F1-

Score 

Error Rate 

(%) 

AUC 

Score 

Proposed DRL Model 96.5 94.2 95.8 95.0 3.5 0.98 

SVM 85.3 82.1 78.4 80.2 14.7 0.88 

RF 89.7 87.3 85.6 86.4 10.3 0.90 

Basic RNN 91.2 88.9 90.3 89.6 8.8 0.93 

As shown in table 3, the proposed DRL model 

outperforms all baseline models across key metrics, 

including accuracy, precision, recall, F1-score, and 

AUC. It achieved an impressive 96.5% accuracy, 

with 94.2% precision and 95.8% recall. The F1 score 

of 95.0% reflects a strong balance between precision 

and recall, while the AUC score of 0.98 highlights the 

model’s exceptional ability to distinguish between 

different threat types. Figure 5 presents the confusion 

matrix, visualizing these results. 

 

Fig. 5. Confusion matrix. 

6. FEATURE IMPORTANCE 

Feature importance measures how much each 

feature contributes to a machine learning model’s 

predictions. In a RF classifier, importance is 

determined by a feature’s ability to reduce 

uncertainty and improve decision-making at each 

tree split [24]. The algorithm’s decision trees 

identify patterns that best separate different classes, 

such as benign behavior and various threat types 

(e.g., DoS). Features that create the most impactful 

splits—those that effectively distinguish between 

classes—are considered more important.   For 

example, if "time_since_last_packet" effectively 

differentiates threats from benign behavior, it will 

likely be selected early in the tree splits. Each tree in 

the RF leverages these features for decision-making, 

and the feature importance score reflects how often 

a feature is used across trees and how well it reduces 

prediction errors. 

Table 4 and figure 6 summarize the feature 

importance results, while figure 7 shows how the 

cumulative importance increases as more features 

are added, highlighting their contribution to overall 

model performance. 
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Table 4. Details of FIA. 

Feature Importance 

time_since_last_packet 0.5605958025232953 

wlan.duration 0.23993033152466678 

frame.len 0.07674405004321838 

ip.ttl 0.04358521396204749 

udp.length 0.038300408301054516 

 

Fig. 6. The result of FIA. 

 

Fig. 7. Cumulative feature importance. 
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This section examines how the top features 

contribute to multi-step threat prediction: 

• Time_since_last_packet: The most important 

feature, indicating that packet timing plays a 

key role in classifying network traffic. 

Certain threats exhibit distinct packet arrival 

patterns that differ from normal traffic. 

• Wlan.duration: The duration of a WLAN 

connection is significant, as malicious activities 

often involve abnormal connection durations or 

frequencies. For example, a DoS attack may 

involve prolonged connection attempts with 

minimal data exchange. 

• Frame.len: Frame length represents packet 

size and helps distinguish between normal 

and malicious traffic. In threats like false 

data injection (FDI), frame sizes may deviate 

from typical benign traffic patterns. 

• Ip.ttl (Time to Live): TTL defines a packet's 

lifespan within the network. Irregular TTL 

values may indicate evasion attempts or 

obfuscation of a threat’s origin. 

• Udp.length: UDP packet size is another key 

feature. Threats like DoS or replay attacks 

may display unusual UDP packet sizes or 

frequencies, signaling potential malicious 

activity. 

Table 5 and figure 8 summarize the feature 

importance results, illustrating how each feature 

enhances the model’s ability to predict the next 

threat step.

Table 5. The results of prediction after feature importance implementation. 

Metric Value 

Accuracy (%) 99.33999999999999 

Precision (%) 98.8199398566864 

Recall (%) 99.3248234507795 

F1-Score (%) 99.07173841835461 

Error Rate (%) 0.6600000000000108 

AUC Score 0.99 

 

Fig. 8. Confusion matrix after feature importance implementation. 
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These results demonstrate the effectiveness of 

using feature importance in predicting multi-step 

UAV cyber threats. Table 6 presents the confusion 

matrix, detailing the model’s performance across 

five threat classes: normal, DoS, Replay, Evil 

Twin, and FDI. This matrix provides valuable 

insights into how well the model differentiates 

between threat types and normal behavior, further 

validating its predictive capabilities. 

Table 7 illustrates the metric comparison of the 

baseline DRL model and the improved model by 

feature importance. 

Table 6. Details of confusion matrix after feature importance implementation. 

Class True Positives False Positives False Negatives 

Normal 5982 35 18 

DoS 960 10 5 

Replay 971 7 6 

Evil Twin 1026 4 5 

FDI 995 8 5 

Table 7. Metric comparison of baseline and improved model. 

7. DISCUSSION 

Our proposed model demonstrates the strong 

potential of DRL for predicting multi-step cyber 

threats in UAV systems. With 96.5% accuracy, 

94.2% precision, and 95.8% recall, it outperforms 

traditional machine learning models like SVM and 

RF. These results indicate that the model not only 

delivers highly accurate predictions but also 

minimizes false positives, ensuring timely threat 

detection. The F1-score of 95.0% highlights its 

balance between precision and recall, while the 

AUC score of 0.98 reinforces its ability to 

distinguish between different threat sequences. 

Unlike traditional models, our reinforcement 

learning framework continuously learns optimal 

strategies, adapting to evolving cyber threats. As the 

model encounters more data, it refines its 

predictions, improving performance. Additionally, 

focusing on the five most important features reduces 

noise and enhances interpretability. DRL is 

fundamentally different from traditional supervised 

learning models like SVM and RF in the way it 

processes sequential decision-making and long-term 

dependencies. DRL learns through interaction with 

the environment, refining its predictions over time- 

based on a reward-driven mechanism. In our model, 

the UAV’s cybersecurity environment is formulated 

as a MDP. This dynamic learning process allows the 

DRL model to adapt in real-time to the evolution of 

advanced persistent threats. DRL captures the 

sequential nature of threats by maintaining a history 

of past attacks and using it to predict future steps. 

Our DRL-based model effectively learns the 

transition probabilities between different attack 

types, allowing it to anticipate the next move of an 

attacker. The Q-learning algorithm enables the 

model to assign different values to different attack 

transitions, ensuring that the model prioritizes high-

Metric Baseline DRL Model (%) Improved DRL Model (%) Change (%) 

Accuracy 96.5 99.34 +2.84% 

Precision 94.2 98.82 +4.62% 

Recall 95.8 99.32 +3.52% 

F1-Score 95.0 99.07 +4.07% 

Error Rate 3.5 0.66 -2.84% 

AUC Score 0.98 0.99 +0.01 
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risk scenarios. Moreover, DRL balances exploration 

(trying new predictions) and exploitation 

(leveraging learned attack patterns) to refine its 

decision-making process, leading to higher 

adaptability against evolving cyber threats. 

A key strength of our approach is its ability to 

predict the next step in a multi-step threat sequence, 

enabling proactive defense strategies. This 

capability helps mitigate threats before they 

escalate. however, the model’s performance 

depends on the quality and diversity of training data. 

If the dataset lacks coverage of potential threats or 

changes over time, performance may decline. Future 

work could integrate online learning techniques to 

continuously update the model with new threat data. 

Our model has significant applications for UAV 

security, particularly in surveillance, delivery, and 

search-and-rescue operations. UAVs are vulnerable 

to threats like DoS, replay, FDI, and evil twin 

attacks, which can compromise system integrity and 

lead to mission failure. Predicting the next step in a 

threat sequence allows for real-time defensive 

actions to minimize damage. For example, 

integrating this model into UAV security systems 

can enhance threat detection and prevention. By 

forecasting the next attack, the model can trigger 

defensive responses such as reconfiguring 

communication channels, isolating compromised 

components, or switching to backup systems. This 

proactive approach is especially valuable in high-

risk environments, where early intervention can 

prevent severe consequences. Furthermore, the 

public availability of the dataset used for training 

provides a benchmark for researchers and 

developers in UAV cybersecurity, fostering 

innovation in this field. The fusion of cyber and 

physical data, as demonstrated in our model, 

enhances UAV resilience against complex cyber 

threats. This approach could also be extended to 

other critical infrastructure systems, where 

predicting cyber threats can reduce real-world risks. 

In conclusion, our DRL-based model offers a 

promising solution for predicting and mitigating 

multi-step UAV cyber threats. Leveraging 

reinforcement learning and advanced threat 

prediction, significantly enhances UAV security, 

providing proactive defense against evolving 

attacks. Future research could focus on improving 

adaptability to new threats and incorporating real-

time learning to further enhance performance in 

dynamic environments. 

8. CONCLUSION 

In this paper, we introduced a novel prediction 

model for multi-step cyber threats on UAVs, using 

DRL techniques. By leveraging a comprehensive 

dataset that integrates both cyber and physical 

features of UAVs under normal and threat 

conditions, we demonstrated the model's ability to 

accurately predict the next step in an ongoing threat 

sequence. Our experimental results confirmed that 

the proposed model outperforms traditional machine 

learning-based approaches in terms of accuracy, 

precision, recall, F1-score, and AUC, emphasizing 

the power of DRL in predicting cyber threats for 

UAV systems. The fusion of cyber and physical 

features enables the model to make more informed 

predictions, providing a solid foundation for 

proactive defense strategies against evolving threats. 

The model's capacity to predict threat sequences—

particularly for DoS, replay, FDI, and evil twin 

threats—opens new doors for UAV security. By 

anticipating the next threat step, the system can 

trigger countermeasures in real-time, preventing the 

escalation of cyber threats. The positive results of 

our experiments, along with the public availability 

of the dataset, make this work a meaningful 

contribution to the field of UAV cybersecurity. 

While the model demonstrates impressive 

performance, there are several promising avenues 

for future research to enhance its capabilities. One 

potential direction is incorporating additional 

features, such as environmental data, GPS 

information, or real-time system feedback, which 

could improve predictive accuracy. Expanding the 

model to address a broader range of threat types, 

including APT and zero-day threats, would increase 

its robustness in real-world applications. 

Additionally, deploying the model in live UAV 

systems would offer valuable insights into its 

performance under dynamic, real-world conditions, 

where both cyber and physical factors evolve 

continuously. This would provide opportunities to 

refine the model’s response times and adaptability 

to new threat strategies. 

Future research could also focus on integrating 

online learning techniques, allowing the model to 

update continuously as new threat patterns and data 

emerge. This would ensure that the model remains 

relevant and capable of adapting to the ever-

changing cyber threat landscape. In our approach, 

the model is trained on static datasets, meaning that 
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their effectiveness may degrade as new cyber threats 

emerge. Online learning offers a solution by 

allowing the model to  continuously update its 

parameters based on newly observed threat data. 

The model adapts to real-time variations in attack 

strategies without requiring full retraining. 

Moreover, it reduces computational overhead by 

processing incremental data updates rather than 

relying on large-scale batch training. One promising 

technique is incremental reinforcement learning, 

where the model periodically refines its threat 

detection policy by incorporating feedback from 

real-world UAV security logs. This ensures that the 

model remains effective against zero-day threats and 

novel attack patterns.  Another critical step in 

improving model performance is ensuring that the 

dataset used for training is comprehensive and 

representative of real-world UAV cybersecurity 

threats.  

In conclusion, our DRL-based prediction model 

marks a significant step forward in enhancing UAV 

cybersecurity. By predicting the next step in multi-

step cyber threats, it offers a proactive defense 

approach, enabling UAV systems to better 

withstand a growing array of cyber threats. With 

continued improvements and research, this model 

could become an essential component of future 

UAV security infrastructure. 
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In this article, beamforming methodologies for antennas are first reviewed, 

highlighting the pros and cons of each method. It is observed that each method 

offers unique advantages and limitations. Some of the key technologies used 

to provide beamforming antennas are also compared with consideration of 

complexity, beamwidth, price, scanning angle, frequency range, 

beamforming speed, and accuracy. It is shown that beamforming using 

plasma offers flexibility compared to other techniques while remaining 

relatively cost-efficient. Moreover, using plasma components, it is possible 

to conceal the entire antenna or parts of it. Based on these advantages, this 

study presents a low-complexity, low-cost plasma-based antenna for 

beamforming. This novel antenna combines an axial mode helical antenna 

surrounded by circular arrays of plasma elements, forming plasma cups 

around the helix. The power to energize the plasma elements is supplied by a 

set of converters and switches. The state of each switch is independently 

managed by a microcontroller, thereby enabling plasma elements to be 

individually switched ON or OFF. The plasma cups are used to control the 

direction and width of the radiated beam of the helix. Activation of a plasma 

cup enhances the beamwidth of the helix, while asymmetrically activated 

configurations allow for steering the end-fire beam pattern up to ±27°. The 

height of the plasma cups is smaller than the height of the helix, ensuring no 

increase in the overall height of the antenna. A prototype of the proposed 

antenna structure has been fabricated based on commercially available tools, 

and measurements for different configurations of the plasma reflectors have 

been carried out. The concept and computational results have been validated 

by the strong agreement between the simulation and measurement results. 

The proposed antenna offers a cost-effective solution for scanning and target 

acquisition in space communications and radar systems. 
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1. INTRODUCTION 

Antennas equipped with beamforming 

capabilities play an important role in wireless 

communication by providing dynamic control over 

signal directionality and shaping. These advanced 

antennas enhance the efficiency and reliability of 

wireless networks, optimizing signal transmission 

and reception. Beamforming technology has found 

widespread applications in various fields, including 

wireless networks, satellite communications, radar 

systems, and autonomous vehicles  . 

Numerous beamforming methods have been 

explored, each offering unique advantages and 

limitations [1-8]. Recent advancements in 

beamforming leverage novel materials with 

adjustable electromagnetic (EM) properties. Real-

time adjustments of these materials enable dynamic 

control over antenna radiation characteristics, 

allowing precise manipulation of beam direction and 

shape. This approach is particularly valuable for 

applications requiring rapid and accurate 

beamforming, despite potential challenges related to 

bandwidth and steering . 

In recent years, plasma materials have attracted 

significant attention due to their unique 

electromagnetic properties, that enable dynamic 

reconfigurability in antenna systems. Early studies, 

such as those by Borg et al. [9] and Rayner et al. [10], 

explored plasma as an efficient radiating element, 

demonstrating its potential for agile frequency control 

and tunability. Later, Anderson investigated plasma-

based steerable antennas using the concept of plasma 

windowing [11], and Ja’afar et al. further 

implemented it at 4.9 GHz [12]. Subsequently, Wang 

et al. [13] modified the conventional plasma window 

antenna, transforming it into an end-fire plasma array 

antenna to enhance directional control. These studies 

highlighted the compactness and scalability of 

steerable plasma antennas but noted limitations such 

as narrow bandwidth and beam steering restricted to 

the azimuthal plane. 

Malhat et al. [14] introduced a hybrid plasma-

phased array system, combining electronic and 

plasma tuning mechanisms to achieve wide-angle 

steering, albeit with increased system complexity. 

More recent work by Mansutti et al. [15] and 

Magarotto et al. [16] explored intelligent reflective 

surfaces with enhanced steering precision, though 

these designs remain unimplemented and face 

practical challenges. 

Building on these advancements, some of the 

authors previously proposed a 3D beam-steerable 

antenna [17,18] that utilizes a circular array of plasma 

reflectors in the form of a cup and an end-fire helical 

antenna. The design allows dynamic control of the 

beamwidth (37°–50°) and beam direction (±6° in 3D 

space) while maintaining structural simplicity and 

cost-effectiveness. However, the structure exhibits 

limitations in its steering range. 

To address these limitations, this study 

proposes an improved design that introduces 

additional rows of plasma cups encircling the 

radiating helical antenna. As a result, it significantly 

enhances the steering range while preserving 

simplicity and affordability. The objective is to 

present this modified antenna and demonstrate its 

extended steering capabilities. 

While the proposed design focuses on utilizing 

plasma materials for beamforming, it is important to 

compare this approach with other beamforming 

methods. By evaluating and contrasting these 

methods with plasma-based beamforming, the 

strengths and challenges of this innovative approach 

can be clearly understood. To this end, Section 2 

provides a comparative analysis of different 

beamforming methods and technologies. Section 3 

reviews the theoretical characteristics of plasma as an 

innovative technology for facilitating beamforming 

antennas. Section 4 presents a comprehensive 

investigation, including numerical simulations and 

experimental validations of a prototype beamforming 

antenna based on plasma material. Finally, Section 5 

summarizes and concludes this study. 

 

Fig. 1. Categorization of reconfigurable antennas. 

2. BEAMFORMING METHODS  

The rapid advancement of wireless technology 

has ignited a growing demand for versatile 

beamforming antennas. These antennas, valued for 

their reduced complexity and cost compared to 
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traditional phased array systems, have gained 

significant attention in the ever-evolving landscape 

of wireless communication [19]. 

The term “reconfigurable antenna” refers to 

antennas designed to dynamically adjust parameters 

such as frequency, radiation pattern, or polarization, as 

depicted in Fig. 1. In the realm of space 

communication antennas, beamforming methods play 

a critical role in enabling efficient communication 

between ground stations and satellites or spacecraft. 

Specifically, an antenna falls into the category of 

beamforming antennas when it is capable of 

dynamically shaping or steering the radiation pattern 

to focus energy in desired directions, thereby 

enhancing communication performance. 

Beamforming antennas contribute significantly to 

the success of both 5G, 6G, and satellite 

communications by optimizing signal transmission, 

enhancing network capacity, and adapting to the 

dynamic requirements of modern communication 

systems.  

As depicted in Fig. 2, notable innovations have 

emerged to produce beamforming antennas. These 

innovations include electrical methods involving 

switches in the antenna structure, optical methods 

using photoconductive materials, structural 

alterations in the antenna configuration, and the 

incorporation of novel materials such as ferrites and 

plasmas into the antenna structure [23-26]. 

 

Fig. 2. Beamforming methods in antennas. 

Table 1. Comparison between the features of beamforming 

methods in antennas: L (Low), M (Medium), H (High), and 

V (Variable). 

      Method  

 

   Feature 

Electrical Optical Physical Material based 

Response time V L H M 

Stability H V V V 

Complexity M L M M 

Price V M M V 

Power 

consumption 
M L M L 

 

Table 2. Comparison between different technologies of beamforming. 

Technology Complexity Beamwidth Price 
Scanning 

Angle 

Frequency 

Range 

Velocity of 

Steering 
Accuracy 

Phased Array 

Antennas 

Moderate to 

High 
Fixed High Wide Wide Fast High 

Metamaterial 

Antennas 
High Fixed Can vary Limited Wide Moderate High 

Liquid Crystal 

Antennas 
Moderate Flexible Moderate Limited Limited Moderate 

Moderat

e 

Plasma Antennas Moderate Flexible Low Wide Wide Fast 
Moderat

e 

A comparative analysis between the 

beamforming methods in antennas is presented in 

Table 1, utilizing acronyms to denote the levels of 

Low (L), Medium (M), and High (H). In this table, 

the reconfigurability of electrical, optical, physical, 

and material-based methods is highlighted, with 

considerations for response time, stability, 

complexity, price, and power consumption. This 

comparison provides insights into the trade-offs 

associated with different approaches, guiding the 

selection of an appropriate method based on specific 

application requirements. 

For better understanding, some of the key 

technologies to provide beamforming antennas, 

including phased array antennas [27-30], 

metamaterial-based structures [31,32], liquid 

crystal-based antennas [33–36], and antennas based 

on plasma material [37-44], are compared and the 

results are presented in Table 2. The comparison 

considerations include complexity, beamwidth, 

price, scanning angle, frequency range, 

beamforming speed, and accuracy in this table.  

Each technology offers unique advantages and 

limitations. For instance, phased arrays provide fast 
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and precise beam steering but suffer from fixed 

beamwidth, high complexity and cost, and 

susceptibility to grating lobes [45] and [46]. As a 

specific implementation of phased arrays, Butler 

matrix-based beamforming networks [47] offer a 

compact and efficient solution for mm-wave beam-

steering, achieving wide scanning angles (∼94°) and 

moderate beamwidths; however, they are more 

suitable for applications in high-frequency ranges 

(e.g. Ka-band) and face challenges related to 

broadband impedance matching, fixed beamwidth, 

and practical robustness.  

Metamaterial-based structures utilize engineered 

artificial materials with extraordinary EM properties 

but face complexity in design, fabrication, and 

integration with practical systems and usually limited 

operating bandwidth [48]. 

Liquid crystal-based antennas provide another 

method for beamforming, utilizing the properties of 

liquid crystals to dynamically control the radiation 

pattern and polarization of the antenna. This 

technology offers advantages such as relatively fast 

response time and low power consumption. 

However, challenges include complexity in driving 

mechanisms and limited scanning angle and 

bandwidth compared to other methods [49].  

Beamforming using plasma offers flexibility 

compared to other techniques while remaining 

relatively cost-efficient. An additional advantage is 

that plasma components can be electrically switched 

ON/OFF, allowing the entire antenna or parts of it to 

be concealed [50-57]. Based on these advantages, 

the following section presents the concept of plasma 

technology, and subsequently, a plasma-based 

beamforming antenna is introduced . 

3. PLASMA TECHNOLOGY 

CONCEPT 

To investigate the effect of plasma media on the 

radiation characteristics of antennas, it’s essential to 

understand some basic properties of plasma. The 

complex permittivity εp of an isotropic plasma, 

which is a dispersive medium, under low-pressure 

conditions, can be modeled as [50-51]: 
2

2

0

1
p p

j

 

  
= −

+
 (1) 

where ω is the operating angular frequency in 

rad/s, ν is the electron-neutral collision frequency in 

Hz, ε0 is the free-space permittivity, and ωp is the 

plasma angular frequency in rad/s, defined as [58]: 

2

0

p

ne

m



=  (2) 

Here, n represents the electron density in m-3, e 

is the charge of the electron, and m is the electron 

mass in Kg. 

It is important to note that the plasma 

frequency can be adjusted by altering plasma 

characteristics such as density, allowing 

adjustment of the frequency band in which the 

plasma operates as a dielectric or as a conductor. 

For instance, for an incident EM wave with a 

frequency greater than the plasma frequency, the 

plasma medium behaves as a dielectric with 

positive permittivity, allowing the propagation of 

the incident wave through plasma.  

Conversely, at frequencies lower than the 

plasma frequency, the plasma exhibits negative 

permittivity, prohibiting the propagation of the EM 

wave. At frequencies significantly lower than the 

plasma frequency, the plasma medium can act as a 

conductor, albeit not a very good one. 

The electrical conductivity σ of plasma is 

determined by [50]: 

0
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(3) 

This relation shows that the electrical 

conductivity of a plasma medium at a specific 

operating frequency can also be controlled by 

varying the plasma frequency, or collision 

frequency. The loss tangent tanδ of the plasma can 

be derived from the ratio of the imaginary part of 

plasma permittivity to its real part as [58]: 
2
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(4) 

This expression indicates that plasma loss is 

influenced by the plasma parameters, and changes at 

different operating and plasma frequencies. 

4. CASE STUDY 

To demonstrate the potential of plasma in 

beamforming applications, this section presents a 

flexible and cost-efficient beamforming antenna 

based on plasma technology. The antenna can both 

steer the radiated beam and control its beamwidth. 

The first part of this section details the structure of 

the antenna. This is followed by the numerical study 
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of the radiation characteristics of the antenna, and 

then the experimental validation is presented. 

4.1 Antenna Structure 

The antenna configuration, shown in Fig. 3(a), 

consists of an axial mode helical antenna which is 

surrounded by two concentric plasma cups. As shown 

in the figure, each plasma cup is formed by a dense 

array of U-shaped plasma tubes. Plasma media can 

generally be created by ionizing a gas using methods 

such as DC biasing, RF excitation, or microwave 

ionization [44]. In this study, the power to energize the 

plasma tubes is supplied by a set of electrical ballasts 

functioning as converters, while each converter is 

connected to a switch. The state of each switch is 

independently managed by a microcontroller, thereby 

enabling plasma tubes to be individually switched ON 

or OFF. Figure 3(b) illustrates the block diagram of 

this control setup, showing the plasma tubes and the 

corresponding electronic devices. 

 

(a) 

 

(b) 

Fig. 3. (a) Three-dimensional view and the details of the 

antenna with two plasma cups, (b) Block diagram of the 

controlling circuit of plasma tubes. 

The plasma and collision frequencies of the 

tubes are respectively fp = 7.8 GHz and ν = 1 GHz. 

Note that, in this study, energizing half of the 

adjacent plasma elements, known as “half-cup”, is 

what steers the radiated beam of the helical antenna. 

Dimensions of the half-cup, including its height 

(HC) and diameter (DC), are crucial in the 

determination of the steering range. 

Dimensions of the helical section of the antenna 

for operating at a center frequency of 927 MHz are 

as follows: Diameter DHelix = 114 mm (0.35λ), pitch 

angle α = 13.6o, height HHelix = 544 mm (1.68λ), and 

N = 6.25 turns. The ground plane diameter is Dg = 

480 mm. 

 

Fig. 4. Simulated radiation gain of the helical antenna 

surrounded by a single plasma cup. 

 

Fig. 5. Simulated ultimate steered radiated beam of one 

plasma half-cup around the helical antenna. 

4.2 Numerical Investigation 

A commercial full-wave numerical modeling 

tool based on the finite difference time domain 

(FDTD) method is used to assess the performance 

of the proposed antenna. Numerical EM 

simulations of the helical antenna with a ground 

plane (without plasma cups), serving as the 

Ground 

conductor 

Plasma cup 

#1 

Plasma cup 

#2 
Helical 

antenna 

Excitation 

circuits 
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reference antenna, reveal a radiation gain of 

approximately 12.6 dBi and a half-power 

beamwidth (HPBW) of 38.7o at θ = 90o. As was 

discussed previously in [17] and [18], a single 

plasma cup controls the beamwidth of the helical 

antenna. Figure 4 illustrates the radiated gain of the 

antenna with different numbers and arrangements 

of activated plasma elements when the height Hc1 

= 160 mm (~ 0.5 λ) and diameter Dc1 = 330 mm (~ 

λ). When all elements are turned off (All-OFF 

state), a relatively narrow (38.7∘) radiated beam 

identical to the beam of the helical antenna is 

observed. Activating all plasma elements (All-ON 

state) widens the beam from 38.7∘ to 50.3∘. 

Intermediate activation (Alternate state) yields a 

beamwidth between the All-OFF and All-ON 

states. Generally, increasing the number of 

activated plasma elements widens the beam.  

 

Fig. 6. Details of the antenna, while two plasma half cups 

with different diameters and heights are excited in 

opposite directions.  

Unsymmetrical activation of the cup elements 

(resulting in a half-cup) steers the radiated beam of 

the helix, as depicted in Fig. 5, and alters the 

direction of its radiated beam within a solid angle 

of up to ±10 degrees. This mode allows for steering 

the antenna beam in the end-fire direction, with the 

scanning angle determined by the height and radius 

of the plasma cup. However, utilizing only one 

half-cup restricts the steering range. To enhance it, 

a second plasma half-cup positioned opposite the 

initial one, as illustrated in Fig. 6 is used. This 

configuration effectively modifies the direction of 

the radiated beam. Fig. 7 illustrates the simulated 

pattern of the helical antenna using two half-cups 

for HC1 = 0.5 λ, DC1 = 0.5 λ, HC2 = 1.3 λ and DC2 = 

1.05 λ. The results show ±27o steering in the 

radiation pattern. The results presented in [42] 

examine the influence of the dimensions of the 

second half-cup on the radiation characteristics of 

this antenna. 

 

Fig. 7. The simulated radiation pattern of the antenna with 

two plasma haf-cups for HC1 = 0.5 λ, DC1 = 0.5 λ, HC2 

= 1.3 λ and DC2 = 1.05 λ. 

 

Fig. 8. Simulated VSWR of the antenna across different 

configurations of the plasma cup reflectors. 

Although the utilized helical antenna is 

inherently designed to operate over a wide 

frequency range with good impedance matching due 

to its structural features, it is important to investigate 

the effects of the plasma reflectors on the impedance 

matching of the antenna. To this aim, Fig. 8 

illustrates the effects of the plasma reflectors under 

four different configurations on the Voltage 

Standing Wave Ratio (VSWR) graph of the antenna: 

a) both plasma cups OFF, b) one plasma cup fully 

ON, c) one half-cup ON, and d) two half-cups ON 

in opposite directions. The results show minimal 

variation in VSWR across different scenarios 

D

C1 

D

C2 

H

C1 
H

C2 

Half-cup #2 

Half-
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because the plasma reflectors handle only small 

current densities. 

 

(a) 

 

(b)

Fig. 9. (a) Fabricated prototype antenna using a single 

plasma cup and details of its dimensions, (b) 

measurement setup. 

5. EXPERIMENTAL VALIDATION 

For experimental validation, a prototype of the 

proposed antenna using a single plasma cup for 

operation at a frequency of f = 927 MHz is 

fabricated, as shown in Fig. 9. The height and 

diameter of the first plasma cup are Hc1 = 160 mm 

and Dc1 = 330 mm, respectively. The height and 

diameter of the second cup are set to Hc2 = 0 mm and 

Dc2 = 0 mm. The measurements are performed in an 

anechoic chamber with a peak gain accuracy better 

than 0.5 dBi within the operating frequency range of 

the antenna. The measurement setup is illustrated in 

Fig. 9(b). In this setup, two connections for 

energizing the excitation section of the antenna and 

also a USB port as a user interface are illustrated.  

 A series of measurements are conducted, and a 

comparison between the simulated and measured 

results is presented. 

Figure 10 compares the simulated and 

measured radiation gain of the antenna for various 

plasma reflector configurations, showing good 

agreement between simulated and measured results. 

In summary, the proposed method for beamwidth 

control and beam steering using a reflector in the 

form of a plasma cup is validated both numerically 

and experimentally. 

 

(a) 

 

(b) 

 

(c) 

Fig. 10. Comparison between the simulated and measured 

radiation gain of the antenna in different modes: (a) ALL-

ON states, (b) ALL-OFF states, (c) Half-cup. 

6. CONCLUSION 

In this paper, dynamic beamforming of the 

radiated beam from a helical antenna has been 

demonstrated. it has been shown through full-wave 

EM simulations that plasma cups around the helical 
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antenna can electronically alter both the direction 

and width of the radiated beam. Asymmetrically 

activated configurations allow for steering the end-

fire beam pattern of the helical antenna up to 54°.  
A prototype has been fabricated and tested in L-

band frequency, validating the concept and 

computational results through good agreement 

between simulation and measurement data. This cost-

effective method offers the potential for scanning and 

detecting targets in space communications and radar 

systems, utilizing the versatility of plasma materials 
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A major challenge for extended human spaceflight in deep space is 

the hazardous exposure to space radiation, which consists of high-

energy particles that pose significant risks to astronaut health. 

Effective radiation shielding is essential to mitigate these risks. This 

study optimizes the shielding performance of a multi-layered 

structure composed of polyethylene and metal hydrides for space 

applications. Using two simulation tools: HZETRN and OLTARIS, 

developed by NASA, we model these structures and evaluate dose 

equivalent in a Galactic Cosmic Ray (GCR) free-space radiation 

environment, which is the primary and major contributor to radiation 

exposure for long-duration space missions. Among the materials 

studied, lithium hydride exhibits the highest shielding effectiveness. 

The results on the dose equivalent are compared with aluminum, a 

conventional shielding material, revealing that the multi-layered 

structure constructed from polyethylene and lithium hydride provides 

a 54.9% improvement in shielding effectiveness while maintaining 

structural stability. Additionally, the dose equivalent contribution of 

different radiation particles (protons, alpha particles, and heavy ions) 

and their flux are analyzed for further validation across both tools. 

Our results highlight the effectiveness of multi-layered shielding in 

reducing dose equivalent while maintaining structural stability, 

making it a viable solution for deep-space missions. 
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1. INTRODUCTION 

One of the main challenges for prolonged 

human space expeditions is space radiation. Unlike 

on Earth, interplanetary space is constantly being 

bombarded with ionising radiation [1]. Exposure to 

such high radiation for a long duration can-do severe 

harm to the human body as well as electronic 

equipment. Space radiation cannot reach the Earth’s 

surface because of the strong magnetic field and 

thick atmosphere of Earth. There are three main 

sources of space radiation: Galactic Cosmic Rays 

(GCRs), Solar Particle Events (SPEs), and Trapped 

particles such as electrons and protons. GCR is the 

primary and major contributor to radiation exposure 

for long-duration space missions. It consists of high-

energy particles comprising 85% proton, 13% alpha 

particles, and heavy ions, with atomic numbers 

ranging from Z=1 to Z=28, that can penetrate 

spacecraft shielding and induce secondary radiation, 

making them crucial for shielding optimization. 

SEPs are sporadic and event-driven, whereas 

trapped radiation (Van Allen belts) is mainly 

relevant for LEO, not deep-space conditions 

considered in this study. Hence only GCR flux is 

considered for dose calculations in this study. 

Effective shielding against GCRs requires materials 

that not only stop primary particles but also 

minimize the production of secondary particles. 

To minimize the radiation effects from different 

particles in the GCR space radiation environment, 

there are mainly two techniques for space radiation 

shielding: active and passive shielding methods [2]. 

Active shielding uses electromagnetic fields to divert 

harmful radiation. This advanced technique lowers 

direct exposure but necessitates energy input and 

intricate systems to sustain its effectiveness [3]. 

Active shielding remains largely theoretical and 

requires substantial advancements before it can be 

widely deployed. In this work, we focus on passive 

shielding techniques, where a physical material is 

employed, which can effectively attenuate the 

incoming radiation. Heavy charged particles lose 

their energy in shielding materials through electronic 

and nuclear fragmentation. Conventionally, 

aluminum is used as a passive shielding material due 

to its high density and tensile strength. However, 

studies have shown that liquid hydrogen offers 

significantly better dose reduction. Despite its 

effectiveness, liquid hydrogen is highly unstable, 

making it impractical for space radiation shielding. 

While previous studies have broadly explored the 

shielding effectiveness of various materials, we 

investigate the shielding effectiveness of hydrogen-

rich materials, specifically metal hydrides. To further 

enhance structural strength, we propose multi-layered 

shields combining metal hydrides with polyethylene. 

This novel shielding design not only improves dose 

equivalent reduction but also enhances mechanical 

stability. Thus, the objective of this study is to 

evaluate the effectiveness of metal hydride-based 

shielding compared to conventional materials using 

HZETRN [4] and OLTARIS [5,6] simulations. 

2. MATERIALS AND SIMULATION 

SETUP 

In this section, the different shielding materials 

and their properties are discussed in detail. Further, 

the simulation tools HZETRN and OLTARIS are 

introduced. 

2.1 Radiation Shielding Materials: 

The selection of shielding materials for 

spacecraft must consider both high shielding 

effectiveness and additional essential properties such 

as high tensile strength and low reactivity. While 

high-density materials offer structural strength, they 

can also contribute to increased radiation exposure 

due to secondary radiation production. In contrast, 

low-density, hydrogen-rich materials are highly 

effective in reducing the dose equivalent but often 

require additional structural reinforcement. A 

promising approach to optimizing shielding 

performance is multi-layered shielding, which 

strategically combines materials of different densities 

to balance radiation protection and mechanical 

stability. Traditionally, aluminum has been widely 

used in spacecraft due to its lightweight nature and 

structural integrity. However, studies have shown 

that several other materials result in lower absorbed 

doses compared to aluminum. Among shielding 

materials, hydrogen is the most effective in reducing 

radiation exposure. However, its high instability 

presents significant challenges for practical 

application in spacecraft. As an alternative, 

hydrogen-containing compounds exhibit excellent 

shielding properties while offering better stability. 

Polyethylene, which has one of the highest hydrogen 

contents among polymers, is more effective than 

many other conventional materials, including 

aluminum. Additionally, as a polymer, its structural 
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properties can be modified to enhance both 

mechanical strength and radiation shielding 

performance. UHMWPE (Ultra High Molecular 

Weight Polyethylene) [7] is a specialised form of 

polyethylene, characterised as a linear, semi-

crystalline homopolymer with an exceptionally high 

molecular mass. UHMWPE fibres offer excellent 

radiation shielding, high tensile strength, low density, 

superior impact resistance, and durability in space 

environments, making them a promising material for 

future space structure applications. Metal hydrides 

are known for their hydrogen-storing capacity [8-10]. 

Following astrophysical conventions, all elements 

heavier than hydrogen are often referred to as metals. 

Therefore, in this study metal hydrides refer to 

compounds where hydrogen is chemically bonded to 

elements heavier than hydrogen. This paper explores 

the shielding effectiveness of various metal hydrides, 

as well as multi-layered shields combining 

polyethylene and metal hydrides. The materials such 

as Lithium Hydride, Lithium Borohydride, Beryllium 

Hydride, Beryllium Borohydride, Ammonia Borane, 

and Super Hydride are selected for their high 

hydrogen content and the presence of other low-Z 

elements, both of which are effective in attenuating 

high-energy heavy ions. Table 1 gives the list of all 

materials used in this study along with their chemical 

formula and density. 

Table 1. List of optimised shielding materials. 

S.No. 
Material 

Name 

Chemical 

Formula 

Density in 

g/cm3 

1 Aluminum Al 2.7 

2 Polyethylene C2H4 0.96 

3 
Beryllium 

Borohydride 
Be (BH4)2 0.604 

4 
Ammonia 

Borane 
NH3BH3 0.78 

5 
Super 

Hydride 

Li(C2H5)3 

BH 
0.89 

6 
Beryllium 

Hydride 
BeH2 0.65 

7 
Lithium 

Borohydride 
LiBH4 0.68 

8 
Lithium 

Hydride 
LiH 0.82 

2.2 HZETRN 

The HZETRN (High charge (Z) and Energy 

TRaNsport) code is a deterministic transport model 

designed by NASA specifically for simulating space 

radiation transport. The HZETRN code employs 

numerical solutions to the time-independent, linear 

Boltzmann equation, utilizing the continuous 

slowing-down approximation. In this approach, 

discrete atomic interactions are modeled through 

stopping power. HZETRN2015 is employed for all 

calculations in this study. The code supports transport 

calculations for Galactic Cosmic Rays (GCR), Solar 

Particle Events (SPE), Low Earth Orbit (LEO), and 

custom environmental boundary conditions. For SPE 

and LEO scenarios, it accounts for the transport of 

neutrons, protons, and light ions, while GCR 

boundary conditions extend to include heavy ions, 

pions, muons, electrons, positrons, and photons.  

2.3 OLTARIS 

In this work, OLTARIS simulation software is 

used to investigate the proposed materials for space 

radiation shielding. OLTARIS is a NASA-based 

software platform. A flowchart for data flow and 

execution is shown in Figure 1. Materials for space 

radiation shielding are characterized based on their 

density and chemical composition. The chemical 

composition of the materials is defined in terms of 

chemical formula, elemental mass percentage or 

molecular mass percentage. The geometry of the 

shields is specified as either a semi-infinite slab or a 

spherical configuration with any number of 

materials/layers in any order. In this study, spherical 

geometry is being used with radius varying from 1-

15 g/cm2. Also, for simulating multi-layered shields, 

semi-infinite slab geometry consisting of three 

layers is used. 

 

Fig. 1. OLTARIS data and execution flowchart [5]. 
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OLTARIS has many benefits as it provides 

information on dose equivalent and flux 

contributions from different particle radiations such 

as protons, alpha particles, neutrons, and heavy ions. 

In addition, it also gives organ-wise dose equivalent, 

effective dose equivalent (for female or male 

anatomical model), and Linear Energy Transfer 

(LET) as response functions. 

All simulations are carried out in a free-space 

Galactic Cosmic Ray (GCR) environment at 1 AU, 

using the Badhwar-O’Neill 2014 model [11]. The 

full GCR spectrum is included, incorporating all 

ions (proton and heavy ions) atomic numbers 

ranging from Z = 1 to Z = 28 in the boundary 

conditions. Since GCR flux is higher during solar 

minimum, a solar modulation parameter (φ) of 475 

MV is selected to represent these conditions for a 1-

day mission duration. The response is evaluated in 

tissue using the ICRP 60 quality factor [12]. These 

parameters remain consistent across both HZETRN 

and OLTARIS simulations. 

3. RESULTS 

In this section, the dose equivalent contribution 

of different radiation particles (protons, alpha 

particles, and heavy ions) and their flux are analyzed 

using both tools. As the absorbed dose quantifies the 

energy deposited per unit mass of a material, 

therefore in order to account for the varying 

biological impact of different types of radiation, the 

dose equivalent is calculated by multiplying the 

absorbed dose by a quality factor (Q), which adjusts 

for radiation-specific biological effectiveness.  

3.1 Dose Equivalent for Variable Thickness 

of Shielding Materials 

The dose equivalent of different materials is 

computed in the tissue by varying their thickness 

from 5 to 15 g/cm2 in HZETRN. Spherical geometry 

is used to run the simulation. The results are shown 

in Fig. 2. 

 

Fig. 2. Variation of dose equivalent with a thickness of 

metal hydrides, polyethylene, and aluminium using 

HZETRN. 

It can be seen from the figure that, beyond 15 

g/cm2, there is no considerable reduction in dose. 

The dose equivalent of metal hydrides is less than 

polyethylene and aluminium. Lithium hydride offers 

a much lesser dose equivalent than other metal 

hydrides. Hence, it has greater potential for space 

radiation shielding as compared to other metal 

hydrides.  

3.2 Dose Equivalent from Different Particles 

The particle-wise dose equivalent is studied 

for different incoming particles such as proton, 

alpha particle, and heavy ion (iron) in the GCR 

spectrum. The thickness for all the materials is 15 

g/cm2. Proton and alpha particles are the particles 

with high relative abundance in the GCR spectrum 

and iron represents the HZE (High Charge and 

Energy) particle category. The results are shown 

in Fig. 3. 

 

Fig. 3. Particle-wise dose equivalent of 15 g/cm2     of metal hydrides and polyethylene using HZETRN (left) and OLTARIS (right).
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The highest dose equivalent is due to the 

proton, which is clearly due to its abundance. The 

dose equivalent due to iron, despite its low 

abundance, is comparable to that of alpha 

particles. The comparison between the metal 

hydrides aligns with the previous trend (Section 

3.1). Lithium hydride is effective in reducing 

proton as well as heavy ion doses. The results 

from both HZETRN and OLTARIS confirm the 

relative effectiveness between the different 

materials. The dose equivalent of proton in 

HZETRN is in general slightly higher than that in 

OLTARIS and the dose equivalent of alpha 

particle is higher in OLTARIS when compared to 

that in HZETRN. The difference in these results 

can be due to the difference in numerical 

approximations employed in HZETRN and 

OLTARIS that can introduce systematic biases in 

their radiation transport calculations. Because 

HZETRN uses semi-empirical nuclear 

fragmentation models, and OLTARIS 

incorporates updated NASA cross-section 

libraries. 

3.3 Comparison of Dose Equivalent in 

HZETRN and OLTARIS 

In this section, we compare the dose equivalent 

for variable thickness of LiH and polyethylene from 

HZETRN and OLTARIS. The results are shown in 

Fig. 4. 

 

Fig. 4. Dose equivalent of lithium hydride (left) and polyethylene (right) - comparison between OLTARIS and HZETRN.

From section 3.1 it can be seen that out of all 

metal hydrides, LiH proves to be a better shielding 

material, as it produces the least dose equivalent. 

Polyethylene is also taken into consideration due to 

its high tensile strength. For LiH, dose equivalent 

values from both transport codes are in agreement. 

For polyethylene, the dose equivalent values from 

HZETRN are higher than that from OLTARIS by 

0.0715 mSv on average. 

3.4 Comparison of Radiation Flux in 

HZETRN and OLTARIS 

Radiation flux after transport as a function of 

kinetic energy is studied for proton, alpha particle, 

and iron in LiH. The results are shown in Fig. 5. 

 

Fig. 5. Flux vs energy of 15 g/cm2 lithium hydride using 

HZETRN and OLTARIS. 

The relative values of particle flux for proton, 

alpha particle, and iron correspond to their 

abundance in the GCR spectrum. At higher energies, 
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the particle flux for each particle reduces. Flux after 

transport obtained from OLTARIS is higher for 

proton and alpha particles and is lesser for iron when 

compared to the values from HZETRN. 

3.5 Comparison of Dose Equivalent for 

Multi-layered Shields 

A multi-layered semi-infinite slab of 15 g/cm2, 

which consists of three layers of 5 g/cm2 each is 

created using polyethylene and lithium hydride. The 

dose equivalent is calculated for all possible 

combinations of such a shield and is compared with 

that of 15 g/cm2 LiH slab and 15 g/cm2 polyethylene 

slab. The results of dose equivalent from OLTARIS 

and HZETRN are compared and shown in Fig. 6. 

 

Fig. 6. Dose equivalent of different combinations of a 

multi-layered shield using polyethylene and lithium 

hydride. 

The results show that the dose equivalent not 

only depends on the material composition of the 

shield but also the relative position of the materials. 

LiH seems to be more effective when placed in the 

innermost layer than when it is placed in the middle 

or outer layer. The dose equivalent values from 

HZETRN and OLTARIS are in agreement. The 

average difference between both sets of results is 

0.0537mSv. It is noteworthy that there is only a 

little difference in dose equivalent between the 15 

g/cm2 LiH slab and PE-LiH-LiH combination. On 

comparing the results from multi-layered shields of 

this work with the previous work [13] where 

aluminium was used, we observed that a multi-

layered shield with polyethylene gives a lesser dose 

equivalent and it is more feasible as it is 

lightweight shielding material for practical 

application in space. 

3.6 Variation of Dose Equivalent with Depth 

Inside the Multi-layered Shields 

From section 3.5, it is observed that the dose 

equivalent depends on the order of different 

shielding layers inside the radiation shield. 

Therefore, it is necessary to investigate the variation 

in dose equivalent with depth inside the shield. Let 

us take the cases of two shields with the same 

material composition: PE-LiH-LiH and LiH-LiH-

PE (two LiH layers and one PE layer). The multi-

layered shields consist of three layers of 5 g/cm2 

each, the total thickness of the shield being 15 g/cm2. 

The variation of dose equivalent with depth of these 

two shields is computed and is shown in Fig. 7. 

 

Fig. 7. Dose equivalent vs depth for PE-LiH-LiH and LiH-

LiH-PE combinations using OLTARIS and HZETRN. 

It can be seen that maximum dose reduction is 

achieved in the outermost layer. Polyethylene on the 

inner layer does not contribute to the dose reduction 

as when it is placed on the outer layer. The results 

from both sources align with this observation. 

4. CONCLUSION 

In this study, we investigated the shielding 

effectiveness of various metal hydrides based on 

their hydrogen storage capacity. The dose 

equivalent variation with shield thickness was 

analyzed, along with particle-wise dose 

contributions. All tested hydrides outperformed 

conventional materials like aluminum and 

polyethylene, with lithium hydride (LiH) emerging 

as the most effective. Further, a multi-layered shield 

combining LiH with polyethylene was evaluated, 

showing that an outer polyethylene layer improves 

the structural stability of the radiation shield without 
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affecting the dose equivalent significantly. Particle 

flux after transport through 15 g/cm² of LiH was also 

examined. The variation of dose equivalent with 

depth inside the optimal combination of multi-

layered structures was also studied. This novel study 

is important as it gives information on how the 

radiation from different particles interacts while 

passing through the shielding material and it was not 

done in the previous work [13]. The results from 

HZETRN and OLTARIS showed strong agreement, 

with a maximum discrepancy of 0.07 mSv. These 

findings highlight the potential of LiH-based 

shielding in space applications, offering an effective 

balance between radiation protection and structural 

stability. 

5. FUTURE PERSPECTIVES 

This study has demonstrated the radiation 

shielding effectiveness of multi-layered shields 

constructed from polyethylene and lithium hydride. 

The outcome of the simulation studies will be useful 

as an input for fabricating radiation shields for space 

applications. However, significant opportunities 

remain to enhance the shielding performance of 

polymer-based materials. One promising direction is 

the integration of various nanofillers into polymer 

matrices [14], which could improve material 

properties and enhance radiation attenuation. 

Additionally, further investigation into a broader 

range of hydride materials may lead to the discovery 

of novel compounds with superior dose-reduction 

capabilities. 

Another emerging area of research is the 

development of hybrid methods [15] that integrate 

passive and active shielding techniques. These 

approaches aim to combine the material-based 

shielding of passive systems with the dynamic 

capabilities of active shielding technologies, such 

as magnetic or electric fields, to achieve more 

effective and versatile radiation protection. 

Together, these advancements could revolutionize 

shielding strategies, offering lightweight, efficient, 

and adaptable solutions for a variety of 

applications. 
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 In this paper, a reflective-mode phase-variation microwave 

displacement sensor is proposed. It consists of a reader, a one-

port microstrip line terminated with a matched load, and a 

movable resonator (etched in an independent substrate), which 

exhibits three different resonance frequencies, two of them in 

low frequency range and close to each other, and the third one 

at a higher frequency. The sensing mechanism is based on the 

motion of the resonator along the microstrip line, with a small 

airgap in between. The phase of the reflection coefficient at the 

three resonance frequencies of the resonator is recorded at the 

input port of the reader. As a result, the motion of the movable 

resonator can be characterized. The phase of the reflection 

coefficient at the two lower frequencies is used to enhance the 

dynamic range, while the phase at the higher frequency 

improves sensor resolution. 
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1. INTRODUCTION 

In many industrial, medical, and laboratory 

systems, the use of linear or angular 

displacement/velocity sensors is vital and, 

according to the needs and conditions of any of 

these applications, the proper type of sensor differs. 

Thus, different types of displacement/velocity 

sensors, like optical, microwave, and magnetic 

have been proposed by researchers [1-11]. In [1], 

rotary encoders which are one of the most widely 

used displacement sensors have been discussed 

while magnetic and Hall-effect sensors are 

presented in [4-8]. On the other hand, some 

microwave displacement sensors are introduced in 

[9-11] which are a clue to show the interest of the 

researchers in this technology for sensor 

realization. The advantages of microwave sensors 

over other sensor types are their low cost and their 

robustness in harsh environments, besides being 

implementable in printed circuit board (PCB) 

technology.  

One method for sensing the 

displacement/velocity in microwave sensors is 

based on measuring the changes in the amplitude or 

phase of the reflection or transmission coefficient in 

a reader (typically a transmission line) by moving a 

planar resonant element on top of it [12-23]. Some 

of these cited works are related to the displacement 

sensors for smaller dynamic ranges like [12-14] and 

some others like [15,16] are electromagnetic 

encoders which allow detecting displacements in 

higher dynamic ranges but lower resolution. In one 

of the authors’ recent work, a linear displacement 

sensor suitable for breath rate monitoring, based on 

the measurement of the phase of the reflection 

coefficient of the reader line, has been presented 

[24]. In that sensor, resolution cannot be improved 

without sacrificing the dynamic range and by 

increasing the resonance frequency of the resonator, 

i.e., the frequency of operation. By increasing the 

frequency (decreasing the wavelength) of the 

feeding signal, the resolution improves, but the 

dynamic range decreases. So, a trade-off between 

resolution and dynamic range exists in that sensor. 

After the mentioned work, two other works have 

been carried out in order to address this issue. In [25] 

by working simultaneously with two different 

frequencies and utilizing two resonators rather than 

one, it is demonstrated that the sensor exhibits better 

resolution, without decreasing the dynamic range. 

On the other hand, in [26], a sensor based also on 

measuring the phase of the reflection coefficient was 

proposed, but the reader in that sensor consists of 

two microstrip lines (rather than one), and the 

movable part includes two resonators tuned at 

closely spaced frequencies. By using this method, 

the input dynamic range (which is normally limited 

to the half-wavelength at the working frequency) 

can be dramatically enhanced without degrading the 

resolution. In this paper, we combine the two 

previously mentioned ideas in order to improve the 

dynamic range and resolution of the sensor 

simultaneously. As an explanation, we used three 

working frequencies, two of them in lower 

frequencies and close to each other, to enhance the 

dynamic range of the sensor based on what proposed 

in [26] and the third working frequency, much 

higher than the two first, to be able to improve the 

resolution of the sensor based on what presented in 

[25]. The compactness of the sensor was also 

improved, by using a single microstrip line in the 

reader (instead of two lines in [26]) and a single 

resonator in the movable part which can resonate in 

all the three considered working frequencies. 

This proposed microwave displacement sensor 

has potential applications in space technology, 

particularly in precision positioning systems. The 

ability to characterize motion with enhanced 

dynamic range and high resolution makes it suitable 

for tracking the displacement of critical components 

in satellites, space probes, and robotic arms used in 

space applications. 

The paper is organized as follows. The 

proposed displacement sensor and its working 

principle are presented in Section II. In Section III, 

the sensor is validated both at simulation level and 

experimentally. In Section IV, the resolution and 

dynamic range of the proposed sensor is compared 

with that of other displacement sensors. Finally, the 

main conclusions are highlighted in Section V. 

2. SENSOR CONCEPT AND 

WORKING PRINCIPLE 

As mentioned in the introduction, a 

displacement sensor based on retrieving the phase of 

the reflection coefficient of the reader line was 

published in [24]. That sensor consists of a (static) 

reader and a movable (resonator) part. The reader in 

that sensor is a simple 50-Ω microstrip line 

terminated with a matched load. A resonator 
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etched/printed on a separate dielectric substrate is 

able to move on top of the reader with a small air 

gap between them along the microstrip axis. A 

single frequency harmonic signal is injected to the 

input port of the reader with a frequency identical to 

the resonance frequency of the resonator on the 

movable part. Thus, the injected signal is reflected 

at the transverse plane where the resonator is placed 

(on top of the microstrip line), and the phase of this 

reflected signal depends on the distance between the 

resonator and the input port of the reader. Therefore, 

by reading this phase, the position of the resonator 

can be retrieved. Note that in this kind of sensors, 

based on the phase of the reflection coefficient, the 

dynamic range of the sensor is limited to a half 

wavelength at the working frequency, since, after 

this range, the phase cyclically repeats. On the other 

hand, the resolution of this type of sensor is related 

to the least amount of detectable phase for the 

system and the amount of phase change versus 

displacement. Obviously by working at higher 

frequencies the resolution will improve because the 

same amount of displacement makes higher phase 

change in higher frequencies. However, this strategy 

causes a reduction in the sensor dynamic range due 

to decrease in the wavelength.  

In [25], the resolution was improved without 

decreasing the dynamic range in these sensors. To 

achieve this goal, two resonators were etched on the 

movable substrate. One of these resonators was 

tuned to a low frequency, so that by reading the 

phase of the reflection coefficient at that frequency, 

an acceptable dynamic range (given by the half 

wavelength of the signal at that frequency) was 

achieved. The second resonator, tuned to a higher 

frequency, was used to enhance the resolution of the 

sensor by measuring the phase of the reflection 

coefficient at its resonance frequency. It is worth 

mentioning that, with this method, two harmonic 

signals with frequencies equal to the resonance 

frequencies of the resonators must be injected to the 

input port of the reader.  

In [26], the dynamic range was increased 

without considering lower frequencies (since this 

would result in a degradation of the sensor 

resolution). The proposed structure in [26] consists 

of a reader with two independent 50-Ω microstrip 

lines terminated with matched loads. The substrate 

of the movable part contains two resonators etched 

on it, each one moving on top and along the axis of 

the reader microstrip lines. The dimensions of the 

resonators were chosen in a way that their resonance 

frequencies were close spaced. Therefore, in each 

phase cycle caused by the displacement of the 

resonators on top of reader, there is a small 

difference between the phase of the reflection 

coefficient read in the two reader ports (the phase 

cycle for the higher frequency is slightly lower than 

the other). As a result, even though the phase of the 

reflection coefficient repeats cyclically for both line 

by displacing the resonators on top of the reader, the 

phase difference between them differs for each 

cycle, until a total displacement equivalent to the 

minimum common multiple (MCM) of the half 

wavelength at both frequencies is achieved. By 

using this method, comprehensively discussed in 

[26], the dynamic range of the sensor was increased 

considerably without degrading the resolution. 

In this work, we combine the two previously 

mentioned methods in order to improve 

simultaneously the resolution and the dynamic range 

of the sensor, avoiding the use of two microstrip 

lines in the reader. By this means, the resulting 

sensor is more compact. The reader consists of a 

unique 50-Ω microstrip line terminated with a 

matched load. The movable part consists of a 

microwave substrate with a single resonator (made 

of two back-to-back connected C-shaped loops) 

etched on it. This movable part displaces along the 

microstrip line axis on top of it with a small airgap 

between them. The resonator exhibits three 

resonance frequencies which are of our interest. 

Two of them (fA, fB) are closely spaced and relatively 

small (suitable for the method presented in [26] to 

increase the dynamic range). The third frequency 

(fC), at higher frequencies, is suitable for enhancing 

the resolution [25]). So, by injecting a multiple-

frequency signal containing all these three 

frequencies, the phase of the reflection coefficient 

can be used to detect the displacement and position 

with precise resolution and long dynamic range. A 

perspective view of the sensor’s structure is shown 

in Fig. 1. 

 

Fig. 1. Perspective view of the proposed reflective-mode 

phase-variation displacement sensor. 
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Fig. 2. Photograph of the fabricated reader and resonators 

with their dimensions in mm. 

3. FABRICATION, MEASUREMENT, 

AND RESULTS 

To validate the method, the proposed sensor, 

consisting of the reader (static part) and the 

resonator (movable part) has been designed, 

simulated, and fabricated on the I-Tera MT40 

substrate with dielectric constant εr = 3.38, thickness 

h = 0.76 mm, and loss tangent tanδ = 0.0028. The 

airgap between the reader and resonator has been 

considered to be g = 0.2 mm. To implement a 50-Ω 

microstrip line in this substrate, the width of the line 

is set to W = 1.8 mm. The frequencies of interest in 

this work, in which the resonator causes a strong 

reflection are considered to be fA = 3.0 GHz, fB = 3.7 

GHz, and fC = 9.1 GHz. The corresponding 

wavelengths are approximately λA = 6.0 cm, λB = 4.8 

cm, and λC = 2.0 cm. As a result, according to [26], 

the sensor dynamic range is approximately 4λA/2 = 

5λB/2 = 12 cm. On the other hand, the resolution of 

the sensor is determined by the phase changes at fC. 

To clarify this, we can consider that the smallest 

phase difference that can be detected by our 

measurement setup is 5º. So, the obtainable 

resolution for fA, fB, and fC are 0.42 mm, 0.33 mm, 

and 0.14 mm respectively. Thus, the resolution of 

the whole system is given by the smallest value (at 

fC), namely, 0.14 mm. The structure and dimensions 

of the reader and resonator can be seen in Fig. 2. 

A set of electromagnetic simulations was 

carried out using the ANSYS HFSS commercial 

software. The magnitude of the reflection 

coefficient when the resonator is placed on top of the 

reader line is depicted in Fig. 3. It can be appreciated 

that the signal at the considered frequencies, fA, fB, 

and fC, is significantly reflected back to the input 

port (i.e., the return loss is close to 0dB at these 

frequencies). 

 

Fig. 3. Magnitude of the reflection coefficient versus 

frequency inferred from electromagnetic simulation. 

In Fig. 4, the phase of the reflection coefficient 

at the considered frequencies inferred from 

electromagnetic simulation is depicted, whereas the 

measured phases are shown in Fig. 5. The 

measurement has been carried out on the fabricated 

prototype by using the vector network analyzer 

(VNA) Keysight FieldFox N9950B. Note that the 

discrepancies between simulation and measurement 

results are related to fabrication tolerances and to the 

fact that it is difficult in practice to keep exactly the 

same condition as in simulation. By inspection of 

Figs. 4 and 5, it follows that by using the phase of 

the reflection coefficient at two lower frequencies, 

the displacement and position can be appreciated at 

least in a range of 4λA/2 = 5λB/2 = 12 cm, as 

mentioned before. On the other hand, after 

determining the position of the sensor with low 

resolution using the phase of the reflection 

coefficient at fA and fB, the phase at fC provides the 

position with high resolution and accuracy. It is 

worth noting that the vertical distance between the 

resonator and the reader must be in a range that in 

which there is enough coupling between the 

resonator and the reader’s line to have enough 

reflected signal in working frequencies. So, the 

airgap can be chosen any value in the mentioned 

range but once we select the amount of airgap, it 

should be kept constant during the measurement 

because changing the airgap can lead to alteration of 

the resonance frequencies. Another point to consider 

is that the resonator must move along the microstrip 

line’s axis and misalignment from the line’s axis can 

lead to wrong outputs. 
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Fig. 4. Variation of the phase of the reflection coefficient 

with the displacement as inferred by electromagnetic 

simulation. 

 

Fig. 5. Variation of the phase of the reflection coefficient 

with the displacement as inferred from measurement. 

4. COMPARATIVE ANALYSIS 

To have a perspective of goal achievements in 

this work, we compare the resolution and dynamic 

range of the sensor presented in this work with its 

counterparts in Table I. Comparing to the three 

preceding works by the authors [24-26], both 

resolution and dynamic range have been improved 

in this work simultaneously. In [23] the resolution is 

very good due to the highly sensitive structure of the 

sensor, but the dynamic range is small. In other cases 

which are based on frequency [12,13] or magnitude 

[17,18] variation, although good resolutions have 

been reported, the dynamic range is limited, and 

these sensors can only be used in sub-cm or sub-mm 

displacement scenarios. 

Table 1. Comparison of various linear displacement 

sensors 

Ref. 
Resolution 

(mm) 
Dynamic range (cm) 

[12] 0.03 0.4 

[13] < 1 0.3 

[17] < 0.2 0.1 

[18] < 0.1 0.07 

[23] 0.016 0.5 

[24] 0.61 4.4 

[25] 0.29 6.2 

[26] 5 <14 

This Work 0.14 12 

5. CONCLUSION 

In conclusion, in this paper, a planar microwave 

displacement sensor based on phase measurements 

has been presented and validated. The sensor consists 

of the reader line, a one-port matched line terminated 

with a matched load (the static part), and a planar 

resonant element (made of two back-to-back 

connected C-shaped loops etched on a movable 

substrate) exhibiting three resonances. The resonator 

has been designed such that two resonances (those 

exhibiting the lower frequencies and present in the 

low frequency range) are closely spaced, the third 

resonance being present at a significantly higher 

frequency. Displacement measurement is based on 

retrieving the phase of the reflection coefficient at the 

three frequencies as the movable resonator displaces 

along the line axis at short vertical distance (0.2 mm 

in this work). It has been demonstrated that by using 

the phase of the reflection coefficient measured at the 

lower frequencies, the dynamic range of the sensor 

can be enhanced (12 cm in the fabricated prototype), 

whereas resolution improvement (0.14 mm in the 

reported sensor) is determined by the phase measured 

at the higher frequency. In summary, this paper has 

presented a displacement sensor that combines the 

ideas of two previous realizations, one focused on 

resolution improvement, and one devoted to dynamic 

range optimization. The result has been a sensor 

where both performance indicators (resolution and 

dynamic range) have been simultaneously optimized. 

The sensor exhibits also good linearity and can be 

applied in scenarios where cm-scale measurements 

are needed, e.g., motion control, structural health 

monitoring, servomechanisms, automotive 

industry, etc. 
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 One important passive technique for drag reduction is the use of 

microstructured surfaces. In recent years, the advantages of this 

method have led some airlines to reduce their fuel consumption by 

installing microstructured films on aircraft. To understand the 

physics governing microstructures, this article investigates the effect 

of V-shaped transverse microgrooves on the NACA 8-H-12 airfoil. 

For this purpose, grooves with a base and height of 150 μm are placed 

transversely at eight different locations on the airfoil surface and their 

effects are investigated at zero angle of attack (AoA) and at velocities 

of 35, 65, and 100 m/s. The results show that vortices trapped within 

the transverse microgrooves reduce viscous drag by decreasing shear 

stress magnitude near the peaks and reversing its direction within the 

valleys. However, the microgrooves also generate pressure drag due 

to pressure gradients created within and around the structures. The 

combined effects of these changes in viscous and pressure drag 

determine the overall change in total drag. Total drag can either 

increase or decrease depending on the microgrooved surface area, its 

location on the airfoil, and the freestream velocity. The maximum 

drag reduction observed in this study was approximately 6%, 

achieved with two 200 mm microgrooved surfaces located mid-chord 

on both the suction and pressure sides at 35 m/s. 

 
 

Keywords: 

Microstructure 

Drag reduction 

Transverse flow 

NACA 8-H-12 

 

 

* Corresponding Author’s E-mail: rkamali@ari.ac.ir  

https://doi.org/10.22034/JSST.2025.1521
https://www.jsstpub.com/
https://doi.org/10.22034/JSST.2025.1521
https://creativecommons.org/licenses/by/4.0/
mailto:rkamali@ari.ac.ir
https://orcid.org/0000-0002-0780-7689
https://orcid.org/0000-0002-6411-3800


  
Mohammad Javad Kahalian, Ramin Kamali Moghadam, 

Iman Bahman Jahromi, and Mahmoud Najafi 42 / 

 

Journal of Space Science and Technology 
Vol. 18, Special Issue, 2025 

1. INTRODUCTION 

Drag management is one of the most basic 

issues facing aerospace designers. While increased 

drag is desirable in some applications, such as 

reentry capsules, due to its role in energy 

dissipation, drag reduction is a primary concern in 

most aerospace designs. Microstructured surfaces 

[1] represent an important class of passive drag 

reduction techniques, which often involve 

manipulating surface properties such as geometry 

[2] and roughness [3, 4]. 

Walsh [5, 6, 7, 8] pioneered the study of drag 

reduction by ribbed surfaces. He investigated the 

different behavior of surfaces with bladed, scalloped 

and triangular riblets and showed that the 

symmetrical V-shaped structure had the best effect 

in drag reduction. Bechert et al. [9,10] investigated 

different configurations of bladed, scalloped, and 

sharkskin-like blades. They also conducted an 

experimental investigation into viscous reduction 

methods using ribbed surfaces. Djenidi and Antonia 

[11] measured the drag reduction effect of the V-

shaped groove through experiments and found that 

the drag reduction effect is related to the peak-to-

peak distance. Debisschop and Nieuwstadt [12] 

experimentally investigated the groove effect and 

found that in the presence of a adverse pressure 

gradient, the drag reduction can be as high as 13%. 

Duan and Choudhari [13] found by direct numerical 

simulation that the drag reduction mechanism 

proposed for incomprisible flows can still apply for 

high-speed boundary layers. Chu and Karniadakis 

[14] studied the drag reduction effect of transverse 

grooves under different Reynolds numbers. They 

found that the drag reduction was greater at higher 

Reynolds numbers. Ahmadi-Baloutaki et al. [15] 

investigated the effect of the groove surface on 

turbulence through experimental measurements and 

found that the presence of a groove increases the 

boundary layer thickness. Wang et al. [16] 

conducted a comparative study between simulation 

and experiment on transverse grooves and observed 

that a vortex structure is formed inside the transverse 

grooves. Sutardi and Widodo [17] evaluated the 

behaviour of the laminar sub-layer in a turbulent 

boundary using a hot-wire anemometer system. The 

results showed that no significant differences in the 

streamwise mean velocity, steamwise turbulence 

intensity, and velocity signals for the smooth and 

grooved wall cases. However, the energy spectra for 

the grooved wall case is slightly lower than that on 

the smooth wall case. The flow fields over a riblet 

surface with semicircular grooves were investigated 

using the synchronized smoke-wire method and the 

velocity field measurement techniques by Li and Li 

[18]. They studied how vortices behaved under 

conditions of decreasing and increasing drag, as well 

as the effect of the distance between the riblets and 

observed that if most of the streamwise vortices 

remained above the riblets, the flow above the riblet 

valley would be sufficiently calm and drag would 

decrease. However, if the riblet spacing was large 

enough that most of the streamwise vortices 

remained inside the riblet valley (high-velocity 

flows could penetrate the valleys), drag would 

increase. 

In recent years, Guler et al. [19] used triangular 

riblets on the suction side of the NACA 0018 airfoil 

to improve its aerodynamic performance. They 

observed that the presence of riblet structures 

increased the lift coefficient and concurrently 

delayed the stall angle by up to 19°. Notably, the 

ribbed structures effectively mitigated the 

interaction between the laminar separation bubble 

and trailing-edge separation, resulting in reduced 

turbulent kinetic energy. Li et al. [20] used large 

eddy simulation (LES) to investigate the vortex 

structures on a ribbed surface with varying 

protrusion heights. They observed that the drag 

reduction rate increased from 3.4% when the ribs 

were completely submerged within the turbulent 

boundary layer to 7.9% when the protrusion height 

reached 11.2. Li et al. [21] investigated the use of 

transverse grooves on micro air vehicles airfoils to 

reduce viscous drag. By considering overall 

aerodynamic performance, they designed a grooved 

airfoil that demonstrated a 33.747% improvement in 

lift-to-drag ratio compared to the smooth airfoil. 

Pakatchian et al.'s review paper [22] is devoted to 

the application of riblets in the aviation industry, 

focusing on studies conducted in wind tunnels, flight 

tests, and using numerical techniques. Bliamis et al. 

[23] examined various blade-shaped riblet designs 

for use on Unmanned Aerial Vehicles. They 

concluded that riblets with a width-to-height ratio of 

1 (𝑠/ℎ = 1) provided the best drag reduction, 

whereas those with the largest width (𝑠/ℎ = 2) 

performed poorly and exhibited exceptionally high 

wall shear stresses. 

To elucidate the physics governing 

microstructured surfaces, this article investigates the 
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aerodynamic parameters resulting from airflow over 

such surfaces, including drag components, velocity 

profiles, and shear stress. While most of the previous 

studies on transverse microstructures have 

frequently attributed drag reduction to velocity slip 

above the structures or a reduction in viscous drag, 

this work demonstrates, through analysis of shear 

stress distributions, that the negative viscous drag 

within the microgroove valleys, in addition to 

reduced shear stress near the peaks, contributes 

significantly to overall drag reduction. Furthermore, 

a review of the literature reveals a lack of consensus 

regarding the underlying physics and parametric 

influences of microstructures, highlighting the need 

for further data.  Therefore, the novel aspect of this 

study is the investigation of V-shaped microgroove 

placement at various locations on an NACA 8-H-12 

airfoil. Specifically, microgrooves of uniform base 

and height are positioned at eight distinct locations 

on the smooth airfoil, and the resulting drag 

components are analyzed at AoA = 0 and velocities 

of 35, 65, and 100 m/s.  These results are then 

compared with those obtained from the smooth 

airfoil under identical conditions. 

2. PROBLEM DEFINITION 

In this section, the geometry of the airfoil and 

microgrooves, the locations of microgrooved 

surfaces on the airfoil, mesh properties, governing 

equations and solution method are presented. 

Finally, the validation of the solution method and its 

independence from the mesh are investigated. 

2.1 Geometry and mesh 

As mentioned and shown in Fig.1, V-shape 

transverse microgrooves with base and height of 150 

µm are used in this study. These microgrooves are 

placed on eight different locations on the surface of 

the NACA 8-H-12 airfoil with chord of 220 mm, 

each location being identified by a unique code. 

Table 1 details the location of the microgrooves and 

corresponding case codes.  

The coding system is as follows: the first part 

indicates on which side of the airfoil the 

microgrooved film is located (S for suction side, P for 

pressure side, SP for both); the second part indicates 

the film's position along the chord, relative to its 

center (M for symmetrical at the chord center, F for 

front of the airfoil, R for rear of the airfoil); and the 

final part represents the length of the microgrooved 

surface in millimeters. 

 

Fig. 1. Geometry of transverse microgrooves and NACA 

8-H-12 airfoil. 

Table 1. Location of the microgrooved surface. 

Code Location of microgrooves 

SMOOTH 

 

S-M-100 

 

S-F-100 

 

S-R-100 

 

SP-F-200 

 

SP-R-200 

 

S-M-200 

 

P-M-200 

 

SP-M-400 
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The computational domain was discretized 

using an unstructured mesh with several boundary 

layer cells. On the microgrooved surfaces, the first 

cell height was approximately 24 μm, with a typical 

cell length of 9 μm. Fig.2 presents the Y-Plus 

distribution of the microgrooved surface for the S-

M-100 case. 

 

Fig. 2. Y-plus of the S-M-100  case. 

2.2 Governing equations 

The Knudsen number is a criterion of flow 

continuity that can be calculated from Eq. (1) [24]. 

(1) 𝐾𝑛 = √
𝜋𝛾

2

𝑀𝑎

𝑅𝑒
 

In this relation, γ represents the specific heat ratio, 

Ma the Mach number and Re the Reynolds number. 

Based on the size of the microgrooves, the 

maximum value of the Knudsen number is 

approximately equal to 4.3 × 10−4; therefore 

considering the range of application of the Navier 

Stokes equations, these equations can be used in this 

study. 

On the other hand, the primary mechanism for 

drag reduction in transverse microstructures is the 

generation of vortices within the structures, which 

causes local turbulence. Therefore, by using an 

appropriate mesh, some RANS models are able to 

capture local vortices and their effects. For example 

references [21,25,26] have also used some of these 

models. Considering the use of the RANS approach, 

the mass and momentum conservation equations are 

respectively [27]: 

(2) 
𝜕𝜌𝑢𝑗

𝜕𝑥𝑗
= 0 

and 

(3) 

𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+ 𝜇

𝜕2𝑢𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
 

−
𝜕

𝜕𝑥𝑗
(

2

3
𝜌𝑘𝛿𝑖𝑗 − 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)) 

where 𝑢𝑖 represents the average velocity vector 

component, p the average pressure, k the turbulence 

kinetic energy, 𝛿𝑖𝑗 the Kronecker delta, 𝜇 the 

dynamic viscosity, and 𝜇𝑡 the turbulence viscosity. 

𝜇𝑡 is calculated using turbulence models, and in this 

study, the k-ω SST model is employed. According 

to this model, the turbulence viscosity is obtained 

using the following relations [28, 29]: 

(4) 𝜇𝑡 =
𝜌𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔 , √2𝑆𝑡𝐹2)
 

In above equation, 𝑎1 is a constant, 𝜔 is the specific 

turbulent dissipation rate, and 𝑆𝑡 is the magnitude of 

the strain rate. 𝑘, 𝜔, and 𝐹2 are also calculated using 

the following relations: 

(5) 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝑢𝑖𝜌𝑘) =
𝜕

𝜕𝑥𝑗
(𝜇𝑘

𝜕

𝜕𝑥𝑗
𝑘) + 𝑃̃𝑘 − 𝛽∗𝜌𝜔𝑘 

and 

(6) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖

(𝑢𝑖𝜌𝜔) =
𝜕

𝜕𝑥𝑗
(𝜇𝜔

𝜕

𝜕𝑥𝑗
𝜔) + 𝑃𝜔 − 𝛽𝜌𝜔2 

+2𝜌(1 − 𝐹1)
1

𝜔

1

𝜎𝜔,2

𝜕

𝜕𝑥𝑗
𝑘

𝜕

𝜕𝑥𝑗
𝜔 

and 

(7) 𝐹2 = 𝑡𝑎𝑛ℎ [[𝑚𝑎𝑥 (2
√𝑘

𝛽∗𝜔(𝑑⊥)
,

500𝜇

𝜌𝜔(𝑑⊥)2)]

2

] 

In these relations 𝜇𝑘 and 𝜇𝜔 are the effective 

viscosities, 𝑃̃𝑘 is the effective rate of production of 

k, 𝑃𝜔 is the rate of production of 𝜔, 𝑑⊥ is the 

shortest distance to the near wall, 𝛽 and 𝛽
∗
 and 𝜎𝜔,2 

are the turbulence modeling constants, and finally 

𝐹1 is the blending function. In this study, Ansys 

Fluent was used to numerically solve the governing 

equations. 

2.3 Validation of method and mesh 

independency 

In order to validate the numerical methodology, 

flow over a NACA 0012 airfoil was simulated and 
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the computed pressure and drag coefficients were 

compared with the experimental data reported in 

[30]. The airfoil chord was 67 cm, the freestream 

velocity is 55.35 m/s, and the AoA varied from 0° to 

10°. 

Figure 3 and Fig.4 show the pressure and drag 

coefficients, respectively. The good agreement 

between the present numerical results and the 

experimental data, as shown in these figures, 

validates the accuracy of the numerical 

methodology. 

 

Fig. 3. Comparison of the pressure coefficients. 

 

Fig. 4. Comparison of the drag coefficients. 

In order to select the appropriate mesh size, four 

different cases were compared on the S-M-100, and 

finally a mesh with the mentioned specifications 

(section 2.1) was selected. The drag coefficients for 

these four cases can be seen in Fig. 5. 

 

Fig. 5. Comparison of the drag coefficient, in order to 

investigate the independence of solution from the mesh. 

3. RESULTS AND DISCUSSION 

The results of this study are presented in three 

sections. The first section explains the mechanism 

by which transverse microgrooves reduce viscous 

drag. The second section discusses the influence of 

microgrooves on pressure drag generation.  Finally, 

the third section presents the overall drag variation 

and the trends observed for each drag component 

3.1 Mechanism of viscous drag reduction on 

microgrooved surface 

 

Fig. 6. Streamlines inside the microgrooves. 
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Figure 6 shows the streamlines for the case S-

M-100 at a velocity of 35 m/s. The formation of a 

vortex within the microgroove causes the flow to 

slip over the vortex, which can be seen by 

comparing the profiles of velocity in Fig. 6. 

According to this figure, the slip velocity on the 

vortices in the middle of the suction side of the 

airfoil is approximately 3 m/s. 

In describing the mechanism of viscous drag 

reduction, some researchers have emphasized the 

flow slippage on the vortex. In this article, the 

change in the magnitude and direction of shear stress 

is described as the primary mechanism of drag 

reduction. The equation for calculating viscous drag 

in the present study is [31]: 

(8) 𝐷𝑣 = ∫ 𝜏𝑥𝑑𝑥
𝑥2

𝑥1

 

where 𝜏𝑥 is the shear stress in the direction of the 

freestream flow. Fig. 7 shows 𝜏𝑥 at the middle of 

the suction side of airfoil for the two cases of S-M-

100 and smooth. In this figure, the shear stress 

magnitudes of the microgrooves are lower than 

those of the smooth surface. Furthermore, since the 

direction of the vortex trapped within the groove is 

opposite to the direction of the flow above it, the 

shear stress in this region becomes negative. 

 

Fig. 7. Shear stress in x direction for smooth airfoil and 

the S-M-100 case. 

According to Eq. (8), the viscous drag is 

calculated from the area between the graph of 𝜏𝑥 and 

the x-axis. As a result, according to Fig. 7, the 

decrease in the shear stress around the peak and the 

increase in its magnitude inside the valley (with a 

negative sign) leads to a decrease in the viscous 

drag. 

 

Fig. 8. Comparison of the viscous drag coefficients. 

Figure 8 presents the viscous drag coefficient 

of different cases. According to this figure, the 

presence of microgrooves has reduced the viscous 

drag in all cases, but the amount of reduction does 

not depend only on the length of the microgrooved 

surface but also depends on its location. For 

example, placing 100 mm of microgrooves on the 

suction side and near the leading edge (S-F-100) 

has a greater drag reduction than placing the 

grooves in the middle of the airfoil (S-M-100) and 

also near the trailing edge (S-R-100). As another 

example, placing 100 mm of microgrooves on the 

suction side and near the leading edge (S-F-100) 

will reduce drag more than placing 200 mm of 

microgrooves around the trailing edge (SP-R-200). 

The trend of viscous drag reduction is similar at all 

three velocities, and the greatest reduction occurs 

in case SP-M-400. 

3.2 The effect of microgrooves on the 

pressure drag 

The use of microstructures on a smooth surface 

generates pressure drag, which is due to the pressure 

difference inside and around the structures, that 

ultimately creates resistance to fluid movement. 

Figure 9 shows the pressure difference generates 

around the microgrooves by comparing the static 

pressure on the smooth airfoil and case S-M-100. 
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Fig. 9. Comparison of the static pressure. 

 

Fig. 10. Comparison of the pressure drag coefficients. 

Figure 10 shows the pressure drag coefficient of 

different cases. In all cases, the presence of 

microgrooves increased the pressure drag compared 

to the smooth airfoil. Similar to viscous drag, the 

increase in pressure drag does not depend only on 

the length of the microgrooved surface but also 

depends on its location. It is noteworthy that the 

trend of pressure drag increase in different cases 

exactly follows the trend of viscous drag decrease, 

so that case SP-M-400, which had the largest 

amount of viscous drag reduction, also had the 

largest increase in pressure drag. 

3.3 The effect of microgrooves on the total 

drag 

The overall drag variation is determined by the 

combined effects of the changes in viscous and 

pressure drag. Figure 11 illustrates the variation of 

the drag components and the total drag relative to 

the smooth airfoil at U=35 m/s. These changes were 

calculated using the following equation [32]. 

(9) 

𝜂𝑡 =
𝐷𝑠𝑡𝑟 − 𝐷𝑠𝑚ℎ

𝐷𝑠𝑚ℎ
× 100 

=
𝐷𝑠𝑡𝑟−𝑣 − 𝐷𝑠𝑚ℎ

𝐷𝑠𝑚ℎ
× 100 −

𝐷𝑠𝑡𝑟−𝑝

𝐷𝑠𝑚ℎ
× 100 = 𝜂𝑣 + 𝜂𝑝 

Where 𝐷 represents drag and 𝜂 represents the 

percentage change relative to the smooth airfoil. 

The subscripts 𝑠𝑚ℎ, 𝑠𝑡𝑟, 𝑝, 𝑣 and 𝑡 denote the 

smooth airfoil, microstructured airfoil, pressure 

component, viscous component, and total change, 

respectively. 

 

Fig. 11. The amount of change of drag components and 

total drag relative to the smooth airfoil. 

As previously noted, the largest reduction in 

viscous drag occurs in case SP-M-400, which 

according to Fig. 11 is more than 80% (relative to 

the smooth airfoil). Conversely, the pressure drag 

increases by more than 220% (relative to the smooth 
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airfoil). According to Fig. 12 for the smooth airfoil, 

the viscous component contributes approximately 

75% of the total drag. Therefore, an 80% reduction 

in viscous drag can overcome a 220% increase in 

pressure drag, resulting in a total drag reduction of 

approximately 5%. 

 

Fig. 12. Contribution of the viscous drag to the total drag. 

 

Fig. 13. The amount of change of drag components 

relative to the smooth airfoil at different velocities. 

Figure 13 shows the change in the viscous drag 

and the pressure drag components of different 

cases at three freestream velocities of 35, 65 and 

100 m/s. As can be seen, the trends in drag 

component variation are consistent across these 

velocities. Furthermore, a greater decrease in 

viscous drag correlates with a greater increase in 

pressure drag for each configuration, and these 

trends are consistent across all three velocities. On 

the other hand, in each case where the viscous drag 

decreases more, the pressure drag increases more, 

and these trends are the same for all three 

velocities. It is interesting to note that the trend of 

viscous drag change in Fig. 13 is similar to the 

trend of contribution in Fig. 12 In other words, a 

larger decrease in viscous drag is equivalent to a 

smaller contribution of this component to the total 

drag. 

Figure 14 shows the variation in total drag for 

different cases and at freestream velocities of 35, 

65 and 100 m/s. While total drag is the sum of the 

viscous and pressure drag components, its trend 

does not necessarily follow that of either 

component. Furthermore, despite similar trends in 

the variation of the drag components across the 

different velocities, the total drag variation differs 

at each velocity. As shown in Fig. 14, at 35 m/s and 

65 m/s, the greatest drag reduction, approximately 

6% and 4.5% respectively, is observed for the SP-

M-400 case. However, at 100 m/s, the total drag for 

this configuration increases by approximately 1%. 

At this higher velocity, the greatest drag reduction, 

approximately 1%, is achieved by the SP-R-200. In 

general, a reduction in viscous drag does not 

guarantee a reduction in total drag. As in many 

cases, the use of microgrooves increased the total 

drag, and the amount of increase was greater at 

higher velocities. 

 

Fig. 14. The amount of change of  total drag relative to 

the smooth airfoil at different velocities. 
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3.4 The effect of microgrooves on the lift 

While this study focuses on drag variation, this 

section briefly examines the observed changes in 

lift. As shown in Fig. 15, across all tested velocities, 

placing the microstructures near the leading edge 

(cases S-F-100 and SP-F-200) results in a small 

reduction in lift (less than 1%) compared to the 

smooth airfoil. The two largest lift increases are 

observed when the microstructures are positioned 

near the trailing edge (cases S-R-100 and SP-R-

200). For case SP-M-400, which exhibits the 

greatest drag reduction at 35 and 65 m/s, the change 

in lift is negligible, increasing by less than 1%.  

Conversely, case SP-R-200, which shows the 

greatest drag reduction at 100 m/s, also experiences 

the largest lift increase, approximately 3.4%. 

 

Fig. 15. The amount of change of lift relative to the 

smooth airfoil at different velocities. 

4. CONCLUSION 

This study investigates the drag reduction 

mechanism of V-shaped transverse microgrooves 

and their influence on the drag components of a 

NACA 8-H-12 airfoil. For this purpose, grooves 

with base and height of 150 μm were placed at eight 

different locations of the smooth airfoil with a chord 

of 220 mm and the drag components were 

investigated at AoA=0 and at velocities of 35, 65 

and 100 m/s. The drag components of the 

microgrooved airfoils were then compared with 

those of the smooth airfoil under identical 

conditions. 

The results revealed that the vortices trapped 

within the transverse microgrooves reduce viscous 

drag by decreasing the magnitude of shear stress 

near the peaks and altering its direction within the 

valleys. On the other hand, due to the pressure 

difference within and around the structures and 

ultimately the resistance to fluid movement, the use 

of transverse microgrooves leads to an increase in 

the pressure drag. The overall drag variation is then 

determined by the combined effects of these 

changes in viscous and pressure drag. 

The results further indicate that the total drag 

can either increase or decrease depending on the 

microgrooved surface area, its location on the 

airfoil, and the freestream velocity. The maximum 

drag reduction observed, approximately 6%, 

occurred with two 200 mm microgrooved surfaces 

located in the mid-chord on both the suction and 

pressure sides at a velocity of 35 m/s. 

Across the studied cases, the trend of increasing 

pressure drag mirrored the trend of decreasing 

viscous drag; the configuration exhibiting the largest 

decrease in viscous drag also experienced the 

greatest increase in pressure drag. This correlation 

was consistent across all three velocities (35, 65, and 

100 m/s). Furthermore, the trend of the viscous 

component's contribution to total drag followed the 

same trend as the change in viscous drag itself. 

However, the trend in total drag variation did not 

necessarily align with the trends observed for either 

viscous or pressure drag. Total drag reduction was 

more prevalent at lower velocities, while at higher 

velocities, total drag increased in most 

configurations. 

The AoA influences total drag by affecting its 

components and the flow separation point. 

Therefore, the increase or decrease of the drag is 

dependent on the AoA. Hence, a study on this 

relationship could be a topic for future research. 
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The boundary layer behavior in hypersonic nozzle of a shock tunnel 

has been investigated by means of the computational fluid dynamics 

simulations. The state of boundary layer at the nozzle outlet can 

highly affect the downstream flow passing around the test model in 

the shock tunnel test section. Focusing on the transitional boundary 

layer simulation, results of the optimal nozzle's steady-state flow 

indicate that the boundary layer enters the throat region, undergoes 

a phase transition, and then returns to a laminar state due to re-

acceleration. The turbulence intensity in this region, coupled with 

the width of the transition zone, increases with higher upstream 

stagnation pressure. Furthermore, simulation of the unsteady 

starting flow shows that the passage time of unsteady waves and the 

quasi-steady region is good enough to have a steady state boundary 

layer assumption. The formation of shock and expansion wave 

systems towards the downstream diaphragm and the reflection and 

expansion waves towards the upstream shock tube were well-

simulated after the diaphragm rupture. 
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1. INTRODUCTION 

The exploration of flow patterns in shock 

tunnels is one of the fascinating areas for the 

development and optimization of hypersonic test 

equipment [1]. In many hypersonic flows through 

convergent-divergent nozzles, the boundary layer is 

subjected to transition condition or even experiences 

a significant reduction in turbulence intensity  [2]. 

The growth rate of the laminar or turbulent boundary 

layer has a substantial impact on the flow quality at 

the exit [3]. So, numerous studies have been 

conducted to investigate the status of the boundary 

layer in such applications. Gu and Herbert, have 

studied the capabilities and limitations of the 

available hypersonic equipment [4]. One of the 

major drawbacks of conventional hypersonic wind 

tunnels and shock tunnels is the presence of noise 

due to upstream flow oscillations, often one or two 

orders of magnitude higher than flight conditions. 

The dominant noise in these oscillations is acoustic 

noise emanating from the turbulent boundary layer 

on the diverging nozzle walls and they might have a 

noticeable effect on boundary layer transition and 

other phenomena in test section. One of the main 

challenges in high speed flow research is the 

accurate prediction of boundary layer transition and 

re-laminarization. In many high speed flows through 

convergent-divergent nozzles, the boundary layer is 

subjected to transition condition and also 

experiences a significant reduction in turbulence 

intensity, up to 100%. Researches have shown that 

pressure gradients resulting from flow curvature and 

geometry in hypervelocity boundary layers can 

significantly affect the flow turbulence level [2].  

Since the early 21st century, most numerical 

analyses of high speed nozzles have used the SST 

(Shear Stress Transport) model. The SST model 

combines the advantages of the k-ε and k-ω models. 

Duan et al. used it to simulate the performance of 

hypersonic nozzles [5]. Ownbey used the SST 

model for designing a high-enthalpy hypersonic 

nozzle [6]. Collen et al. and Hoffman et al. also 

utilized this model for studying nozzle of Mach 7 in 

test facilities [7,8]. Shear Stress Transport model is 

not capable to predict the transition or re-

laminarization of the boundary layer.  

The topic of re-laminarization in the boundary 

layer of high speed nozzles emerged in the late 20th 

century and continues to be a significant focus in this 

field. Back et al. observed that the actual boundary 

layer thickness was lower than expected while 

examining heat transfer rates on the wall of a conical 

nozzle at high Reynolds numbers (around 105 to 106 

based on throat diameter) in the JPL laboratory. 

Further investigation led them to conclude that the 

turbulent boundary layer seemed to become laminar 

again. They proposed a criterion based on the 

properties of the boundary layer edge [9]. Kemp et 

al. studied the boundary layers of high speed nozzles 

from Mach 20 to 47. Despite the desirable pressure 

gradient, they found that the flow becomes turbulent 

in the throat and becomes laminar again in that 

region [10]. Kreskovsky et al. investigated the effect 

of severe acceleration of the flow on the turbulent 

boundary layer by comparing analytical and 

experimental results. The findings showed that even 

in the presence of high turbulence levels upstream, 

the boundary layer becomes laminar in the throat, 

and its thickness significantly decreases [11]. 

Jentink investigated various definitions of flow 

acceleration criteria using turbulence models to 

identify boundary layer re-laminarization in nozzles 

[12]. The study of transition conditions and re-

laminarization of the boundary layer continued on 

various geometries until around 2005 when 

turbulence models with the capability to detect 

transition zones started being used in simulations. 

Abraham et al. utilized the three-equation 

Menter model (γ-SST) for defining a criterion to 

identify the re-laminarization of turbulent flow in 

internal flows. He defined a criterion as the ratio of 

turbulence production to its dissipation, stating that 

if it is less than one, the boundary layer tends to 

become laminar [13]. Bader et al. studied the 

capability of the four-equation model (γ-Reθ-SST) 

in predicting the re-laminarization of the flow over 

a turbine airfoil under rapid acceleration conditions. 

The results of these analyses were compared with 

DNS results, demonstrating that the four-equation 

model performs well [14].  

Kiselv et al. investigated heat transfer in a small 

supersonic nozzle under conditions of re-

laminarization of the boundary layer. They used 

both the three-equation and four-equation 

turbulence models. The heat transfer coefficient in 

the throat region was higher in the three-equation 

model than the actual value, while in the four-

equation model, it was lower than the experimental 

value, indicating that four-equation model has a 

greater tendency toward flow re-laminarization 

conditions [15].  
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So, one of the main challenges in hypersonic 

flow research is the accurate prediction of boundary 

layer transition. The performance of the shock 

tunnel hypersonic flow is highly sensitive to various 

disturbances and pressure fluctuations, introducing 

complexity to the analysis. To ensure a uniform flow 

at the outlet, a nozzle design is considered here that 

was optimized previously by the authors [16] based 

on a fully turbulent Reynolds-Averaged Navier-

Stokes (RANS) steady-state CFD model (Ansys 

Fluent) which similar to most numerical analyses of 

hypersonic nozzles, have used SST (Shear Stress 

Transport) turbulence model that combines the 

advantages of the k-ε and k-ω models [6].  

Given the development of new numerical 

methods for studying the transition region and the 

lack of resources regarding the efficiency of these 

methods in converging-diverging hypersonic nozzle 

flows, this paper focuses on studying the transition 

region and investigates the effect of upstream 

pressure in the transition region. The transition and 

re-laminarization can be distinguished by 

transitional models in hypersonic nozzle instead of 

classic re-laminarization parameters for the first 

time. Then, the flow behavior and interaction of 

transient unsteady starting waves in nozzle with the 

boundary layer are examined. Comparing the 

simulation results with the experimental data 

obtained from the ARIST shock tunnel [17] shows a 

good agreement and the capability of CFD for 

understanding complex phenomena related to the 

formation of shock and expansion waves and their 

interaction with the boundary layer. This unsteady 

simulation shows that the duration of the steady state 

flow establishment is enough for such assumption in 

the boundary layer study.  

2. METHODOLOGY 

In this work, the ARIST shock tunnel nozzle is 

considered, designed to create test conditions with 

hypersonic Mach numbers (Mach 6) and high 

stagnation temperatures (around 600 Kelvin). An 

overall view of the ARIST shock tunnel facility, the 

nozzle, and the test section is depicted in Figure (1). 

The shock tunnel generally consists of a high-

pressure tube (driver section), a low-pressure tube 

(driven section), the main diaphragm section, a 

secondary diaphragm, a converging-diverging 

nozzle, test section and a dump tank. Complete 

specifications and the details of this shock tunnel are 

presented in [17].  

 

Fig. 1. ARIST reflected shock tunnel [10]. 

Based on Reynolds-Averaged Navier-Stokes 

formulation for the fluid dynamics modeling [18], 

the four-equation model was chosen to investigate 

the boundary layer in the selected nozzle. The 

Langtry-Menter four-equation model, also known as 

γ-Reθ or γ-Reθ-SST, has been developed for 

predicting the boundary layer transition with RANS 

models. For this purpose, the intermittency equation 

and the transition onset momentum thickness 

equation are added to the model. For that, the 

intermittency variable is multiplied in the turbulence 

kinetic energy production term, and its dissipation 

term [18]: 

𝜕𝜌𝑘

𝜕𝑡
+
𝜕𝜌𝑢𝑗𝑘

𝜕𝑥𝑗
= 𝛾𝑒𝑓𝑓 . 𝑃𝑘 −min(max(𝛾𝑒𝑓𝑓 , 0.1) , 1.0) . 𝛽

∗𝜌𝜔𝑘

+
𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
] 

(1) 

For γ and Reθ: 

𝜕𝜌𝛾

𝜕𝑡
+
𝜕𝜌𝑢𝑗𝛾

𝜕𝑥𝑗
= 𝑃𝛾 − 𝐸𝛾 +

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑓
)
𝜕𝛾

𝜕𝑥𝑗
] 

𝜕𝜌𝑅̃𝑒𝜃𝑡
𝜕𝑡

+
𝜕𝜌𝑢𝑗𝑅̃𝑒𝜃𝑡

𝜕𝑥𝑗
= 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅̃𝑒𝜃𝑡
𝜕𝑥𝑗

] 

The correlation equations used for transition 

prediction are based on the idea that the boundary 

layer transition initiates when reaching a critical 

value of the Transition onset momentum thickness 

Reynolds number, Reθt. However, this criterion is 

meaningful only along the wall and in one 

dimension. Therefore, Langtry and Menter 

introduced the transport variable of R͂eθt, which 
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can be applied throughout the flow field. It is 

expressed as an empirical relationship as a 

function of the pressure gradient and the 

turbulence intensity of the free stream. The 

production term in the transport equation of R͂eθt 

is formulated as follows:  

𝑃𝜃𝑡 = 𝑐𝜃𝑡𝜌
𝜌𝑈2

500𝜇
(𝑅𝑒𝜃𝑡 − 𝑅̃𝑒𝜃𝑡)(1.0 − 𝐹𝜃𝑡) (2) 

The production and dissipation terms of the γ 

transport equation are formulated as follows: 

𝑃𝛾 = 𝐹𝑙𝑒𝑛𝑔𝑡ℎ𝑐𝑎1𝜌𝑆[𝛾𝐹𝑜𝑛𝑠𝑒𝑡]
0.5(1 − 𝑐𝑒1𝛾) 

𝐸𝛾 = 𝑐𝑎2𝜌Ω𝛾𝐹𝑡𝑢𝑟𝑏(𝑐𝑒2𝛾 − 1) 

𝐹𝑜𝑛𝑠𝑒𝑡 = max⁡(𝐹𝑜𝑛𝑠𝑒𝑡2 − 𝐹𝑜𝑛𝑠𝑒𝑡3, 0) 

𝐹𝑜𝑛𝑠𝑒𝑡3 = max⁡(1 − (
𝑅𝑇

2.5
)
3

, 0) 

𝐹𝑜𝑛𝑠𝑒𝑡2 = min⁡(max(𝐹𝑜𝑛𝑠𝑒𝑡1, 𝐹𝑜𝑛𝑠𝑒𝑡1
4), 2.0) 

𝐹𝑜𝑛𝑠𝑒𝑡1 =
𝑅𝑒𝑣

2.193𝑅𝑒𝜃𝑐
 

𝑅𝑒𝑣 =
𝜌𝑆𝑑2

𝜇
 

The production term in the intermittency 

transport equation leads to an increase in 

intermittency and, consequently, triggers the 

transition, while the dissipation term promotes the 

re-laminarization of the boundary layer. The Flength 

and Fonset terms are essential for determining the 

length of the transition region length and location, 

depending on the R͂eθt. The term Fturb depends only 

on local turbulence parameters, k and ω. The term 

Reθc in a function of R͂eθt and d is the nearest distance 

of arbitrary point in flow field to the wall. S and Ω 

are the strain rate and the vorticity, respectively. In 

laminar boundary layer separation conditions, to 

ensure the separated flow quickly enters the 

transition and turbulence phase and reattaches to the 

surface, the parameter γeff is introduced. In fact, γ is 

forced to have a value higher than one in separation 

conditions [19]. 

3. RESULTS AND DISCUSSIONS 

For the validation of the CFD model, the 

boundary layer analysis of references [20, 21] for 

hypersonic flow over a flat plate has been 

studied. The results of the three- and four-

equation SST models, are compared with the 

experimental results from [12], and the 

numerical results from [13], that showed a good 

agreement for the heat flux on the wall Figure 

(2). It is observed that the three-equation model 

predicts the transition location upstream of 

experimental onset, while the four-equation 

model predicts it a bit downstream. However, the 

behavior of the experimental data in the 

transitional region is much closer to the four-

equation model. Thus, the four-equation model 

was chosen to investigate the boundary layer in 

the selected nozzle.  

 

Fig. 2. Heat flux on a flat plate in Mach 11.  

A no-slip adiabatic wall is considered for the 

nozzle and axisymmetric condition for the 

centerline. The simulations are performed with 

ANSYS Fluent 2016. This solver uses a finite 

volume approach with cell-centered variable 

arrangement. Density-based solution is used which 

is more advantageous for highly compressible 

applications. The fully coupled implicit algorithm 

provides 2nd order spatial discretization of the flow 

and turbulence equations, and it includes an AUSM 

scheme for the numerical convective flux. The 

independence of the solution from the grid is 

examined with four different computational grids. 

Additionally, the value of y+ should be kept below 

one. The convergence criterion is the residual values 

to be less than 10-6. 

The computational domain, grid, and 

boundary conditions are illustrated in Figure (3). 

The comparison of Mach number distribution at 

the outlet of nozzle using numerical and 

experimental data in Figure (4) shows a good 

match between the experimental and simulation 

results (<3% error).  
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Fig. 3. Computational domain, grid, and boundary 

conditions. 

 

Fig. 4. Validation of Mach number at outlet. 

For a better understanding of the flow nature, 

results of the shear stress distribution are presented 

under the assumptions of laminar flow and fully 

turbulent flow. It should be noted that here, the 

independence of the solution from the upstream 

turbulence intensity is examined and it was observed 

that with an increase in turbulence intensity, a 

negligible increase in wall shear stress occurs in the 

early centimeters of the convergent section. As 

shown in Figures (5) and (6), the flow in the region 

before the throat deviates from laminar state and 

moves towards transition and turbulence. After 

passing through the throat with acceleration, it 

returns to a laminar state again. The highlighted 

region in the figures indicates the transitional region. 

It is also can be observed that with an increase in 

pressure, the transitional and turbulent regions 

become larger and move towards the divergent 

section and the nozzle exit. 

Additionally, the values of wall shear stress in 

the transitional analysis approach those obtained 

from the turbulent flow analysis, to the point where 

at 25 bars, these two curves coincide. Based on 

further numerical results, increasing the total 

pressure up to 40 bar, will result the boundary layer 

to be turbulent along almost the entire length of the 

nozzle. 

. 

 

Fig. 5. Wall shear stress on the nozzle wall at total 

pressure of 20 bar. 

 

Fig. 6. Wall shear stress on the nozzle wall at total 

pressure of 25 bar. 

In the next step, it is necessary to examine the 

boundary layer conditions for the optimal nozzle in 

the design conditions with the base nozzle. In Figure 

(7), the wall shear stress distribution for the base and 

optimal nozzles in the design conditions are 

compared. Due to the reduction in the length of the 

convergent section of the optimal nozzle, the shear 

stress level in the throat area of this nozzle is higher, 

the length of the optimal nozzle is shorter, but by 
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controlling the curve of the divergent section and 

reducing the total length of the nozzle, the wall shear 

stress level in the divergent section and the outlet of 

the optimal nozzle is about 50% lower than that of 

the base nozzle. 

 

(a) 

 

(b) 

Fig. 7. Base and optimal nozzle wall shear stress 

distribution a) entire nozzle, b) end of divergent section. 

In Figure (8), the velocity distribution in the 

nozzle outlet plane is presented in terms of the nozzle 

outlet radius. Also, in this figure, the effect of the 

analysis assuming laminar, turbulent and transient 

flow can be seen. It can be seen that the analysis with 

the four-equation model is consistent with the laminar 

analysis. Also, the boundary layer thickness in the 

optimal nozzle based on the 99% free stream velocity 

criterion has been reduced by about 40%. 

 
(a) 

 

(b) 

Fig. 8. Velocity distribution vs the outlet radius a) over 

the entire radius b) the boundary layer edge. 

For the unsteady numerical simulation of 

hypersonic nozzle flow, the finite volume method 

with second-order accuracy and axisymmetric 

assumptions has been employed. The simulations 

have been conducted for both laminar and turbulent 

flow conditions. The working fluid, consistent with 

the test, is considered to be ideal air. The transient part 

is solved with implicit method. Also, the nozzle has a 

contoured convergent section with a secondary 

diaphragm upstream of nozzle. The diaphragm effect 

is simulated by initializing the upstream region of the 

nozzle with reservoir pressure and temperature. To 

observe the effect of diaphragm burst, radial 

oscillation is considered in the initial condition. The 

formation of the primary and secondary shock waves 

(PS & SS) moving downstream the nozzle, as well as 

the generation of reflective waves (RS) and 

expansion waves moving upstream towards the shock 

tube, is studied. Figures (7) and (8) show two 

instances of 0.03, 0.180 ms after secondary 
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diaphragm burst, respectively. For the 0.18 ms 

snapshot, there are a strong secondary shock wave 

following an expansion region and a weaker primary 

shock wave heading downstream the nozzle while a 

reflected shock wave and expansion waves are going 

toward upstream of the shock tube. 

 

(a) 

 
(b) 

Fig. 9. Mach number and total pressure contours after 

secondary diaphragm burst; a) entire nozzle, b) magnified 

throat region. 

 

Fig. 10. Mach number and total pressure contours at 0.03 

milliseconds after secondary diaphragm burst. 

The starting time from numerical and 

experimental results is about 1.5 msec which is 

consistent with the calculations in design phase and 

it shows that the remaining time of steady state flow 

is an appropriate assumption for boundary layer 

study.  

4. CONCLUSIONS 

Mach 6 nozzle boundary layer was investigated 

via numerical simulation including a suitable four-

equation model for studying the transitional flow. 

The results revealed the presence of a boundary 

layer transition in the throat region, and with the 

acceleration of the flow, the boundary layer reverts 

to a laminar state. As the upstream pressure of the 

nozzle increases, i.e. an increase in Reynolds 

number, turbulence intensity in the transitional 

region amplifies, causing a delay in the flow re-

laminarization towards the nozzle exit. At high 

pressures, the entire divergent part of the nozzle can 

be situated within the turbulent boundary layer. 

Furthermore, the unsteady flow at the initiation of 

the nozzle was numerically examined. The 

formation of shock and expansion wave systems 

towards the downstream diaphragm and the 

reflection and expansion waves towards the 

upstream shock tube were well-simulated after the 

diaphragm rupture. It is observed that the passage 

time of unsteady waves and the quasi-steady flow 

establishment is good enough to have a steady state 

boundary layer assumption. 
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